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preface 


In past years, a broad technical insight into the 
field of naval we^ns could be obtained by making 
a detailed study of the we{^>ons themselves. The 
Increasing number and complexity of weapons and 
wel^>on8 systems has made It Impractical to learn 
general concepts by such a method. 

This publication, therefore, Introduces and ex¬ 
plains the fundamental principles of weapons and 
weapons systems In a unique manner. That Is, 
the "hardware" approach and the need to memor¬ 
ize mere facts about specific equipments are 
abandoned In favor of treating the necessary 
reasoning processes. 

A thorough mastery of the basic prlnc^les and 
concepts presented here will be useful for analyz¬ 


ing and understanding virtual^ any present-day 
we^Km system. Such knowledge of principles 
should prove equally effective for approaching 
most any we^n system problem that may be 
encountered In the future. 

The material presented in this publication has 
been developed through extensive research re¬ 
garding both source Information and manner of 
presentation. To conserve the time of the reader, 
it comprises readily grasped graphic treatments 
coupled with condensed and closely related text 
e}q>lanatlon8. This arrangement should help not 
only the student but anyone seeking to refresh his 
understanding of the subject matter. 
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In develc^ing thia publication, the principles of 
computing devices have been explained primarily 
in terms of mechanical rather than electrical 
analogs. This was done because all analog devices 
function in accordance with the same basic prin- 
c4>les. Mechanical units more clearly illustrate 
the ideas involved and are more easily understood 
by the general reader. However, where neces¬ 
sary, in^rtant electrical devices are e3q)lained 
in suitable terms. 

Every effort has been made to avoid a develop¬ 
ment based merely on definitions and statements 
of eqtiatlons. Rather, the method used is to 


approach the mathematics by first equipping the 
reader to understand what lies behind the equa¬ 
tions. This insures that the reader will be lead 
to a "common-sense" viewpoint and a clear 
physical comprehension upon which the subsequent 
mathematical treatment can be soundly based. 

The material in this publication should prove to 
be useful as a reference on weapons systems 
fundamentals for the entire naval establishment, 
both afloat and ashore — and particularly for 
those responsible for the operation and main¬ 
tenance of modern Integrated weapons systems. 


iii 
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CHAPTER 



COMPONENTS OF WEAPONS SYSTEMS 

^ computer 
^ synchro 
k servo 
k radar 
^ sonar 
► gyro 

INTRODUCTION 


bi colonial times, control of gun fire was accomplished in a manner similar 
to that presently used in the control of individual rifle fire. The control of 
gun fire evolved around the gunner who evaluated conditions and "mentally" 
computed the gun orders of train and elevation. The accuracy of the gun 
orders depended not only iq)on the e]q>erience and ability of the gunner, but 
also on the accuracy of the information supplied to him, or collected b7 bim. 
Several men were usually involved in the operation of a we^mns system to 
assist the gunner in securing needed information, and in positioning the gun. 



VyiNDAGE GRAVITY 


TARGET SPEED 




Collecting and evaluating this information, 
and also the manual positioning of the gun 
in response to the gun orders, required a 
long time. Combined inaccuracies, caused 
by human fallibility and inaccuracies (hie 
to poor workmanship on the gun, resulted 
in limited range in the aciniracy of gun fire. 


As gun construction inqiroved due to continued devel(^ment (rifling, 
closer tolerances, etc.), the accuracy and effectiveness of gun fire 
became more dependent upon the fire control operation. Licreased 
speed and fire power of the enemy accentuated the need for faster 
fire control having a higher degree of accuracy. 

Improved fire control was achieved through mechanization of as 
many manual (derations as possible. Con^Kinents which enabled 
the mechanization of inqiortant fire control (derations are shown 
on the following pages, and are discussed in this volume. 






INTRODUaiON TO VOlUME I 


COMPONENTS OF WEAPONS SYSTEMS 


radar 




gyro 

"heart" of 
the equipment 
which provides 
required reference 
planes necessory 
in fire control 
computations 
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computer... synchro ... servo ... radar... sonar... gyro 


synchro 


computer 


RAPID AND ACCURATE 
WEAPON POSITIONING 
ACCORDING TO 
ORDERS RECEIVED 
FROM THE COMPUTER 


CALCULATION OF 
ACCURATE ORDERS 
FROM ASSIMILATION 
OF INFORMATION 
FROM 

VARIOUS SOURCES 


TRANSPORTATION 
OF INFORMATION 
BETWEEN 
COMPONENTS 
BY 

MEANS OF 
ELECTRICAL 
SIGNALS 


The components shown above are discussed In detail in volume 1. 
Application of these and additional components in the weapon fire 
control problem will be seen in volumes 2 and 3. (The general 
term "weapon fire control", Is used interchangeably with the shorter 
expressions "fire control" or "weapon control". To indicate specific 
applications to certain weapons, terms such as "gun fire control" 
or "missile fire control" are used.) 
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BASIC MECHANISMS OF COMPUTERS 


CHAPTER 


Introduction to 

BASIC MECHANISMS OF COMPUTERS 


The baalc purpose o< fire control Is to direct 
rapid, continuous and accurate fire at enemy 
targets. When a land, sea or air target is fired 
iqKMi, variable factors affect the chance of scor¬ 
ing a hit. Among these are target sine, speed, 
direction, altitude and range; weapon range, pro¬ 
jectile velocity and trajectory; wind velocity and 
direction; own ship speed, pitch and roll and 
course, and other controlling conditions. 

Before the advent of modem warfare the gunner 
would estimate the values of these factors, and, 
with e3Q>erience,he stood a fair chance of hitting 
a relatively slow moving target at close range. 
S was learned that by using precise scientific 
means, most of the Important factors could be 
measured and calculated. Using such data, tar¬ 
gets at further distances and higher speeds could 


be hit by gunners who have had less experience. 
The computations required in fire control are 
comidex and lengthy. If done by hand, by the 
time that target position and speed had been mea¬ 
sured and corrected, the target would no longer 
be at that position. It became necessary to cal¬ 
culate more rapidly and with a higher degree of 
accuracy than possible for human beings. 

For this purpose, computers were developed. 
They solve equations and perform arithmetic, 
calculus and trigonometric operations. Also, 
they store Information for future use. Com¬ 
puters can be mechanical or electronic. Host 
ships use mechanical computers because, al¬ 
though they may be less accurate they are more 
ru^ed, less costly, and take up less space than 
electr<mic computers. 



scope oj^ section Mechanical computers are relatively simple, considering the many varied opera¬ 
tions they perform. Each computer is a combination of a few simple basic mech¬ 
anisms. There is a mechanism for adding and subtracting, one for multfolylng 
and dividing, one for finding sines and cosines, etc. These mechanisms may be 
connected in various ways. 


Digitized by LjOOQie 


5 



Shotvn to the right is a 
cut-aivay view of a coni' 
puter. By studying the 
computer in a systematic 
u<ay fee can gain an idea 
of Us overall operation. 



COMPUTER SYSTEMS 


The "black box" which converts the 
li^>ut to the output is usually symbol¬ 
ized according to its function. For in¬ 
stance, all multipliers are signified 
by one symbol: 

^ means multiplier 

Each integrator, trigonometric device, 
and addition and subtraction device 
has its symbol. For the present, how¬ 
ever, we will use just a black box to 
represent the mechanism. Later we 
will substitute symbols for the boxes. 
IiU)uts and outputs will be indicated 
by directional arrows. 


SOLUTION OF EQUATIONS 

coiisUIer a typical problem 


Consider the target as an enemy plane. 

The formula for Rv2 or predicted 
height of the target at point of contact 

with the projectile is: ^2 as AN OUTPUT 


Rv2 B R sin E -f T2 X Mv 

where R • present range 

E » present elevation 
T2 s time of flight of projectile 
Mv « rate at which height of 
target is changing. 

these are the INPUTS to the computer. 


Four separate operations 
are involved 

1 Find sin E 

2 Multiply sin E by R 

3 Multiply T2 by Mv 

4 Add R sin E to T2 Mv 


ANALYSIS OF 
COMPUTER MECHANISMS 


By studying the interior of a computer, we can 
discover the operation it performs and the equa¬ 
tion it represents. This can be done quite easily 
in a step-by-step process. How do we analyze 
the foUowli^ computer mechanism? 





D 


Note In certain cases the equations arrived at by mathe¬ 
matical analysis of the problem are extremely com¬ 
plicated. The size of equipment necessary to solve 
them is often impractical. Often they can be replaced 
by an empirical equation, arrived at through experi¬ 
ment, without a significant decrease in accuracy. 
This use of less accurate, but simpler, equipment is 
desirable as long as accuracy is still kept within 
allowable limits. 
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tNTROOUatON to COMPUTER BASIC MECHANISMS 


HOW COMPUTERS ARE CONSTRUCTED 


For each of the four operations 

we need a basic mechanism. We add the inputs, and connect the mechanisms. 



The first step in finding the equation represented by of the inputs isthe numerator and which isthe denomi- 

the computer is to label each line connecting the boxes nator inthe dividing mechanisms. Here is the computer 

(shafts connecting the mechanisms) with the values with all connecting shafts labeled. This procedure can 

they carry. Start from the left, and move to the r^ht. beappliedtoeventhemostcomplicatedcomputing mech- 

The numbers (1) and (2) serve merely to indicate which anisms in a similar way. 



SUMMARY 


In the following sections we will deal with a apply these principles to any computing system 

number of mechanical devices to perform opera- encountered in the future. The chapter will con- 

tlons such as described above. We do not cover centrate on devices used in naval computers, 

all of them, but by understanding those we ex- They are mostly mechanical, but both electrical 

plain, and knowing how they are used, we can and electro-mechanical devices are used. 
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Computers alone cannot determine correct po¬ 
sitions of guns. Information must be obtained 
and handled by such devices as radar, sonar, 
gyroscopes, synchros, servos and rangefinders. 
'*Basic Mechanisms" will be devoted solely to 
the elements of a computer, but it must be re- 
llzed that computers depend upon other devices 
for Information and transmission of values. 



BASIC MECHANISMS 


computer inputs 

The computer receives information such as 
"yards of range" or "degrees of elevation" and 
"knots of ship speed". Most of these quantities 
are constantly changing. At every Instant, how¬ 
ever, each of these quantitl'es has a definite nu¬ 
merical value. These values are usedto position 
the mechanisms in the computer. The shafts on 
computers represent these values. On some 
shafts, one revolution represents 3” of elevation; 
on other shafts, one revolution represents 100 
yards of range. Then, in the first case, one half 
a revolution represents 1.5* of elevation, or, in 
the second case, 50 yards of range. The amount 
of rotationof the shaft represents adefinlte value 
in which we are interested. 



NOTE 

It it possible to have computing mechan¬ 
isms tchich involve no more than the 
motion of a stick or a piece of graph 
paper. Suck mechanisms, although sim¬ 
ple, are di0icuU to attach to other me¬ 
chanisms to form computing systems. 
Most practical computing mechanisms, 
therefore, have shaft rotations as inputs 
and outputs. 


a simple 

basic mechanism 


Bach mathematical operation is replaced by a 
mechanism. Most of these mechanisms are 
fairly simple. With a good understanding of 
these basic mechanisms it will be easy to see 
bow they can be combined in a computer. The 
following ch^)ter8 will be devoted to explalniog 
these mechanisms. 

In fire control the usual procedure is to put 
into a computer those quantities which effect 
the chance of hitting the target, and get out of 
the computer the correct aiming of the guns. 
This must be done continuously, rs^>idly and 
accurately as conditions change. 


Sui^Mse we bad an input of A, and we wanted 
an output of 2A. 


INPUT 

A 


OUTPUT 

2A 


black box 
mechanism 




Let us take iiq>ut A, 
and represent it 
as a turning shaft. 


Then output 2A will be 
a shaft rotatii^ 
twice as much as ii^nit A. 
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INTKOOUOION to COMPUTER BASIC MECHANISMS 


and outputs 

Ignoring the Instdes of the mechanism, let us 
consider It just as a "black box". As an Input 
to the black box, let us consider that we have 
two shafts. One is turned until it has a value of 
3, and the other Is turned until it has a value of 
2. We have another shaft as our ou^Mit. If the 
mechanism performs the function of adding, then 
the output shaft will have a value of 5. No mat* 
ter what values are put on the input shafts, the 
output shaft will give their sum. 



The number of inputs and outputs can vary. A 
trigonometric mechanism can have a single 
iiymt and two outputs. The li^ut shaft has a 
value of X, and the output shafts have values of 
sin X and cos X. 



A pair of gears having a ratio of 2:1 will do this 



The gear train is one of the "basic mechanisms" 
from which computers are designed and constructed. 


If we turn the knob to give us a reading of 4 
on the input scale we will get a reading of 6 on 
the output scale because the ou^t gear re¬ 
volves twice as much as the ii 4 )ut gear. No 
matter what value we set on the ijqrat scale, we 
will always get twice that value on the output 
scale. The device shown is an important com¬ 
puting mechanism. By means of this device, 
consisting of a pair of gears in the black box, we 
performed a continuous and accurate operation. 


The values are represented by revolutions of 
the two shafts. In the presmit case, we want to 
read the values. To do this we use two dials. 
However, we may not always be interested in the 
Individual values. The ou^ut of one mechanism 
Is often used as an input to another mechanism. 
In such cases, the dials could be eliminated. 
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INTRODUCTtON to COMPUTER BASIC MECHANISMS 


PROBLEMS 


1. Design a mechanism to perform the operation 


a. 3A 

b. 2.5A 



2. The velocity of a ship in the direction of the 
line of sight (Mrho) Is an important quantity in 
fire control. When the velocity In the direction 
of motion (Mho) is known, this value Is found by 
means of a component solver. However, It can 
also be found by means of equation: 

Mrho = Mho Cos B 


where B is the angle between the line of sight 
and the direction of motion. Design a system to 
solve this equation using the method outlined on 
the previous page. Mho and B are liqxits; hCrho 
Is the desired output. 


3. Design a system to solve the following equations: 

The Inputs are B, C, and D 
The output Is A 


a. A B 


2C - sin B 

S 


b. As 

c. A > 


C - 2 sin B 
D 

C* - B^ 
sin D 


d. As 


(C B) D 
D-C 


Target 



4. Determine the equation solved by the following mechanism. 



10 
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CHAPTER 2 BASIC MECHANISMS 
OF COMPUTERS 



^POTIOM 

PI 

ADDITION AND SUBTRACTION Dk 


EVICES 




As pointed out In the introduction to this 
chapter, a simple rod and a piece of 
graph paper can be used to fashion simpli¬ 
fied computing devices. These simplified 
devices operate on the same principles as 
actual computing mechanisms used in 
Naval weapons systems. The rod and 
graph paper can be used to demonstrate 
mechanical addition and subtraction in a 
very straightforward manner. On the 
graph paper draw two parallel lines A 
and B any distance apart and mark off the 
lines at uniform intervals either side of 
zero. Values to the ri^t of zero are 
taken as positive, and those to the left 
are taken as negative. Draw a third line 
C midway between lines A and B, and 
mark it off at uniform intervals half as 
large as those on scales A and B. Now 
assume it is desired to find the sum of 
6 and 2. Place the rod on the grsy)h so 
that it crosses the A scale at +6 and the 
B scale at *2. The rod will then cross 
the C scale at the -t-S graduation which 
is the required sum. Using this same 
method, any two numbers within the 
range of the scales can be added. It is 
su^ested that the reader actually try 
various sums right on the graph in the 
illustration. The edge of a ruler or 
piece of paper can be used as a substi¬ 
tute for the rod. In addition to summing 
positive quantities, try various combina¬ 
tions of positive and negative values. 

The principle illustrated above is inherent in the opera¬ 
tion of all mechanical addition and subtraction devices 
used in Naval computers. Such devices are called "dif¬ 
ferentials". Basic mechanisms classed as differentials 
can take a number of forms depending on the details of 
the design selected. To meet the requirements of 
modern weapon systems, differentials must be capable 
of producing accurate and instantaneous sums or differ¬ 
ences from inputs that are rapidly and continuously 
changing. The design must be such that the mechanism 

scope of section 


is simple, ru^ed, and reliable to avoid breakdown in 
service. Generally speaking, accuracy is the prime 
consideration in devices employed for weapon systems 
computations. The physical movement v4iich repre¬ 
sents a mathematical quantity must be accurate within 
extremely close tolerances over the entire range of 
the quantity. For this reason, althou^ the mechanisms 
are simple in principle, they must incorporate design 
features that insure precision performance even under 
adverse conditions, thus complicating their construction. 


In the following pages, mechanical differentials are explained in detail. The principles of 
their operation are developed in step-by-step fashion to show the basic principles which 
underly the construction of all types. The limitations inherent in each type of differential 
are illustrated and analyzed, and the means used for getting around the limitations are 
discussed. The subject of differentials is ended by showing their practical applications in 
solving actual equations that are encountered in weapons systems. An explanation is also 
given of how differentials perform an Important function by acting as error detectors in 
precision servo loop systems. 
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LINKAGE 




llie simple grai^iical 
device can be repro¬ 
duced mechanically by a 
free lever supported by 
three links. The oitfput 
and two Input quantities 
are represented as lin¬ 
ear link displacements 
that can be observed by 
the use of scales. 


HOW 

fhe linkage 
WORKS 



Note 

Since the C link Is connected halfway between 
the A and B links, the actual output motion Is 
only one half the Input motion. However, since 
a 2:1 scale Is used, the output reading Is equal 
to the Input iqpplled. 


input-output 

variations 


The Input-output arrangement Is not limited 
to the one shown at the top of the pi^e. Ac¬ 
tually, the output can be taken off any one of 
the three links, and the remaining two can be 
used for applying the liynits. Whatever the 
arrangement, the basic equation defining the 


relationship of the three quantities remains 
exactly the same, that Is to say: C « A -t- B. 
For example, If C and A are used as Inputs, 
the value of the output Is determined by solv¬ 
ing the equation above for B, that Is: B^C-A. 


With A LINK 



The A LINK Is moved 
by a positive INPUT 



while 
INPUT C 
is held 
FIXED 




M I M 1 1 Y M 1 

■0»«4S0Z46IK 

-l-i- 


The Inputs combine on the B LINK 
to produce an OUTPUT B = C - A 


The posltlmlng of the lever accomplishes the addition or 
subtraction. Whether the links p\ish or puli the lever is un¬ 
important. The links are merely methods of applying Inputs 
to the lever. Thus, the links can be put on either side of the 
lever without affecting the differential action. A few equi¬ 
valent arrangements are shown. 

12 
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ADDITION AND SUBTRACTION DEVICES 




Inputs combine on C LINK 
to produce the output 
C » A+ B 




A UNK held fUed 


B LINK moved 
by positive input 


The only difference between addition and subtraction results from the 
direction of the quantities Involved. The process of subtraction is shown 
as the addition of a negative quantity. This is accomplished by moving the 
link negatively. Subtraction can also be considered as the subtraction of a 
positive quantity. Ibis would be accomplished by reversing the signs of 
the scale and moving the link positively. 



operating llmite 

In a linkage differential, the angular movements of the lever 
tend to cause changes in the direction of the input links as 
shown to the ri^t. This may cause errors since only a com¬ 
ponent of the input link movement affects the output reading. 
In practice, this type of error is minimized by restricting 
the difference between the inputs to relatively small values, 
or by arranging the input mechanism so that changes in 
direction are kept small. Note that in any case the differ¬ 
ence in the inputs can not be any greater than is allowed by 
the lever length as measured between the centers of the 
input link pins. 



summary 


By differential action, we mean the combining of two input quontities in such 
o way as to produce an output that is proportional to their sum or difference, 
depending upon the relative directions in which the inputs ore opplied. The 
linkage differential represents only one way of obtaining differential action. 
In the following poges, we will further develop the principles of differentia! 
action and show their application in other devices used in ordnance equipment. 
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RACK and PINION 


DIFFERENTIAL 


LtNK 



link 


Rack 


I?;-'''-—' 
'/J '*« 


LiMk 


® Rack 


Another type of adding and subtracting 
mechanism, similar in many ways to 
the linkage differential, is the rack and 
pinion differential. Here, the essen¬ 
tial parts of both types are shown for 
comparison. The function of the lever 
and C link is now performed by the C 
pinl(Mi and the link attached to its shaft. 
The function of the A and B links is ac¬ 
complished by the A and B racks riding 
on the periphery of the C pinimi so that 
they always remain parallel. With this 
arrangement, the output remains ac¬ 
curate regardless of the size of the in¬ 
puts. Note that the difference between 
the inputs can not be any greater than 
is allowed by the combined length di¬ 
mensions of both racks. As was the 
case in the linkage differential, the out¬ 
put and two input quantities are repre¬ 
sented as linear displacements that can 
be observed by means of scales. Again, 
any of the three movements in the mech¬ 
anism can be used as the output while 
the other two movements are used for 
input quantities. 


HOW the rack and pinion differential WORKS 



Here the rack and pinion differential is shown with scales for the Inputs 
and output. The e3q)lanation covers how the differential adds and sub¬ 
tracts vdien the output is taken off the C pinion link. 


An INPUT 



is applied to 
the A RACK 


This produces on 
the C PINION UNK 
an OUTPUT 


while the B RACK 
is held FIXED 


equal to A 
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ADDITION AND SUBTRACTION DEVICES 


ACTION of 
racks and pinion 

since the entire functioning of 
the device depends on the roll¬ 
ing action between the pinion 
gear and the racks, this action 
will be e]q)lalned before con¬ 
sidering how the mechanism 
adds and subtracts. For sim¬ 
plicity, the C pinion link has 
been omitted from the two il¬ 
lustrations at the right. 


STARTING from the 
ZERO POSITION 


0 



Assume that 

a movement of 6 TEETH 
is applied to 


the A RACK 


The 6-TOOTH movement 
produces a rolling action 
between the C pinion and 
racks of: 



while the B RACK 
is held FIXED 




3 TEETH here 
and 

3 TEETH here 

Thus, the C PINION is 
displaced throu^ a LINEAR 
DISTANCE equivalent to 
3 TEETH; that is, ONE-HALF 


the linear movement 
of the A rack. 


The halving action shown above is the same as that in¬ 
herent in the linkage differential. Therefore, a 2:1 
scale should be used for observing the linear values 
represented by the pinion shaft displacement. 



The inputs combine on 


the C PINION LINK to 



With INPUT A 
held FIXED 


produce an OUTPUT C = A + B 


the B RACK 


is moved by a 
POSITIVE INPUT 


C= A + B 


With INPUT A 
held FIXED 



The inputs combine 
on the C PINION LINK 
to produce an 
OUTPUT C = A + (- B) 
or, C = A - B 


a 


I I I I I 1 T 1 I I 1 

10 •64202468 10 


the B RACK 
is moved by a 
NEGATIVE INPUT 


C=: A- B 



In practical applications of 
the rack and pinion differen¬ 
tial, problems may arise be¬ 
cause there is a space limita¬ 
tion. Since the pinion con not 
be permitted to roll off either 
rack, the allowable differ¬ 
ence between the two inputs 
is restricted by the length 
of the racks. In addi¬ 
tion, since the output and 
inputs are linear dlsploce- 
ments, large values tend 
to increase the length of 
the mechanism to an im¬ 
practical degree. The follow¬ 
ing pages show a differential 
device that overcomes these 
space restrictions effectively. 
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GEAR DIFFERENTIAL 


how restrictions are avoided 

Here Is a simple way to avoid restrictions on the 
output and input values that occur with the rack and 
pinlCMi. Make the racks endless by rolling them up 
and joining their ends so that they form two face 
gears (A gear and B gear). Also attach the pinion 
axle to a spider shaft. The pinion now rolls between 
the gears in the same way that It rolled between the 
racks. The only real difference Is that the output 
and inputs formerly represented by linear motions 
are now represented by angular rotations. This 
change was accomplished without any effect on the 
differential action. The spider output Is even subject 
to the same halving action as the pinion shaft had 
before. 



how the gear differential works 


This is bow the gear differen¬ 
tial adds and subtracts when 
the ou^iut Is taken off the 
spider shaft. 

Three SCALES are shown on 
the mechanism so that the out¬ 
put and iiq>ut rotations can be 
observed. The scales remain 
flxed while the gears rotate. 
Note that a 2:1 scale is used 
on the spider to account for 
differential halving action. 




This produces on 
the SPIDER SHAFT 
an OUTPUT 
equal to A 


while the 
B GEAR 
is held 


STARTING from the 
ZERO POSITION 


an INPUT 
is applied to 
the A GEAR 


A PRACTICAL TYPE OF 



The mechanism described above Is hidtly simplified to show 
only the essential operating parts and Is not constructed for 
actual use. FoUowii^; is a practical dlHerential widely used 
in ordnance. 


the bevel gear 
differential 


the C pinion and the A and B gears are changed to bevel 
gears. Another bevel gear Is mounted on the spider to 
provide balanced loading and to minimize backlash. The 
spider shaft Is changed to a rugged assembly of two 
shafts and a block. In this type of mechanism, the A and 
B gears are called end gears, and the gears performing 
the function of the C pinion are called spider gears. 


note 


To convert this simplified device 
Into a practical bevel gear type. . . 


Ball bearings are used to 
support all rotating parts. 



Spur gears are attached to the spider and end gears 
to provide exterior Input and output connections. 
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ADDITION AND SUBTRACTION DEVICES 



With INPUT A 
held FIXEDv 


the B GEAR 
Is moved by a 
POSITIVE INPUT 


The Inputs combine 
on the SPIDER SHAFT 
to produce an 
OUTPUT C = A + B 


With INPUT A 
held FIXED ^ 


C = A + B 


The inputs combine 
on the SPIDER SHAFT 
to produce an 
OUTPUT C = A + (-B) 
or, C = A - B 


the B GEAR--- 

Is moved by a 
NEGATIVE INPUT 


C = A- B 


GEAR 


IFFERENTIAL 


summary 


BALI BEARING 


OUTPUT GEAR 


INPUT GEAR 


SPIDER GEAR 


SPIDER SHAFT 


SPUR GEAR TYPE 


INPUT GEAR 


BAIL BEARING 


Shown above u the internal construction of 
a typical bevel gear differential. Parts are 
named assuming the spider is the output. 


PLANETARY TYPE 


oo 
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Another form of the gear differential 
is the spur gear type. The essential 
operating principle is exactly the 
same as for the bevel geor differ¬ 
ential. The main difference is simply 
that all the gears used in the as¬ 
sembly are spur gears. There are 
still other forms of mechanical 
differentials (such as planetary 
types}. In ordnance equipment, the 
idea of differential action is used in 
many clever vYays, and even may 
be built into a mechanism in such 
a manner that the action is not 
at all clear without detoiled study. 
However, in all coses, the use 
of the principles developed in 
this lesson will ossist in analyzing 
the o c t i o n of ony differential 
device that may be encountered. 
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ADDtTION AND SUBTRACTION DEVICES 


APPLICATIONS ... how differentials are used 


computation 

Basically, all of the dllferential devices we have studied are simply add^ 
ing machines that can continuously produce difference or sum values 
from two inputs that may themselves be changing quite rapidly. In fire 
control, the gun elevation required to hit a moving target is obtained by 
combining three values: the director elevation Ed, sight angle Vs, and a 
correction for the tilting of the gim trunnions Vz. Gun elevation is ob¬ 
tained by solving the equation Edg* = Vs - Vz + Ed. This equation can be 
instantly and continuously solved, as the Inputs change, by two differ- 
entials as shown in the schematic diagram at the right. 


comparator action 

Two quantities can be compared easily to make sure they mentary servo loop mechanism in which the load position 
are equal. This can be done with a mechanical dllferential is controlled by a weak order input. The order Input and 
by applying the quantities as inputs in such a way that one a response input (which represents the position of the 
is subtracted from the other. Now, the size of the output load) are fed to a differential used as a detector unit. Any 

equals their difference and its direction indicates which of difference between order and response produces an error 

the two values is the larger. When the output is zero, the output which causes the work unit to drive the load until 

values are equal. In this application the differential is the error is cancelled. When response and order are 

called a comparator or detector unit. Below is an ele- equal, the error is zero and the work unit stops. 



ORDEIt INRUT 


RESPONSE INPUT 


(DESIRED LOAD POSITION) 


ERROR OUTPUT 
(ORDER MINUS RESPONSE) 


PROBLEMS 



1. When a target is tracked, the bearing at any instant c(B) 
is equal to the initial bearing B plus the change in bearing 
ic(B) generated during the tracking time. That is, c(B) s b -f 
ic(B). Work out the details of an actual computer using a 
differential that can solve this equation. Be sure to include 
properly graduated scales. Consider how inputs can be ap¬ 
plied and how parts can be mounted. 



2. When atarget isfired on, guntraln orderBdg' isobtalned 
by offsetting the gun from the present director line of sight. 
Oun train order is the sum of director train c(Bd') and the 
following offset angles: m('Ld') toaccount for target move¬ 
ment during projectile flight, w(’Ld’) to account for wind 
effect, b('Ld') to allow for the curvature of the projectile 
flight path, and Lz to correct for tilting of the gun trunnions. 
Examine the figure and write the equation for Bdg'. Make a 
schematic diagram showing bow the equation can be mech¬ 
anized by a combination of differentials. 
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CHAPTER 2 BASIC MECHANISMS OF COMPUTERS 


MULTIPLICATION AND DIVISION DEVICES^^^^^KM 


M\iltipllcation and division mechanisms used in com¬ 
puters operate on a geometric principle similar to that 
described in the preceding section on differentials. 
Again, the basic principle can be demonstrated by set¬ 
ting up a simple device consisting of a rod and a piece 
of graph paper. Scales are marked on the graph paper 
as shown in the figure, the A scale being one unit to the 
rl^t of the vertical axis. A pivot is used so that the 
rod can be rotated about the origin and a sliding wire 
clip is placed on the rod to act as an indicator or multi¬ 
plier pin. This forms an elementary multiplier. 


To use this multiplier, proceed as follows: (Assume 
that we wish to multiply 4 by 3.) First swing the rod 
until it crosses the A scale at the +A graduation. Hold¬ 
ing the rod in this position, slide the multiplier pin along 
the rod until it is directly above the -t-S graduation of the 
B scale. Reading across horizontally to the ri^t of the 
m\Utiplier pin, obtain the answer +12 from the C scale. 
This particular computation is shown in the figure. 
Within the ranges of the scales, any values of A and B 
can be multiplied to produce product C, thus solving 
the equation C = A x B. 



The lines formed by the rod, the distance B along the horizontal 
axis, and the vertical distances A and C make up two superimposed 
rlG^t triangles, one having legs equal to A and to 1, and the other 
having legs equal to C and to B. Since legs A and C are parallel, 
the two triangles are similar. Therefore, the following proportion 
A C 

can be written: -r ^ — 

1 B 


SCOPE OF SECTION 


Cross multiplying gives the basic mtiltiplier equation: C « A x B 


NOTE: 



Here, the A scale is placed at 
a horizontal distance of one 
unit from the origin to simplify 
the proportion. Actually, the 
distance of the A scale from 
the origin can be any constant 
value K, giving the generalized 
A C 

proportion = -g* Cross mult¬ 
iplying gives KC s AB. The 
constant factor K in the product 
can be accounted for easily in 
the calibration of the C scale. 


In the following pages, the basic geom¬ 
etry of the multiplier is developed in 
detail to e:q)lain division as well as 
mxiltlpllcatlon and to show how positive 
and negative values are handled. Then, 
on the basis of this geometry, a de¬ 
scription is given of bow actual multi¬ 
plier mechanisms are built to produce 
the requiredmovements and to establish 
the necessary relationships between the 
inputs and the output. 

The section is concluded by a discussion 
of applications of multiplier mechan¬ 
isms in Naval weapons systems and by 
problems chosen to bring out the prin¬ 
ciples covered. 
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OPERATING PRINCIPLES OF MULTIPLIERS 


The elementary graphical device described 
on the preceding page establishes» by means 
of the similar right triangles, a definite 
mathematical relationship among the three 
variable quantities A, B, and C; that is, C s 
AB. The device works in such a way that if 
any two of the variables are set in, the geo¬ 
metric action automatically solves the equa¬ 
tion to produce the third variable. The vari¬ 
ous possible solutions are: 


A--g C-AB 

Accordingly, when solving for C, the device 
acts as a multiplier. When solving for A or 
B, it acts as a divider. At the right, the ac¬ 
tion of the device is shown in detail for both 
multiplication and division. 




ASSUME AN INPUT A IS APPLIED 
by rotating the rod until it crosses 
the A axis at the selected reading. 


operation 


with positive and negative values 

The mathematical and geometric relation described 
by the equation above bolds true for negative as well 
as positive values of the variables. As usual, nega¬ 
tive values are applied in the direction (q;)posite to 
that used for positive values. 


Shown below is the pattern of signs as they occur in 
the gri^ihical device. Note that this pattern follows 
the standard mathematical convention for signs; that 
is two positive or two negative Inputs produce a posi¬ 
tive output and a positive and a negative input combine 
to produce a negative output. 
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MUlTtmCATlON AND DtVfSION DFV1CES 


After Input A Is ap 
plied, either B or C 
maybe selected as the 
other input. 



If B is applied, the out¬ 
put C is the product of 
the inputs, A x B. 


Input B is set by sliding the multiplier pin 
until it is vertically above the selected value 
of B as read on the B scale. Output C is read 
from the C scale. 


If C is applied, the out¬ 
put B is the quotient of 
the inputs, C ? A. 


Input C is set by sliding the multiplier pin 
until it is horizontally opposite the selected 
value of C as read from the C scale. Output 
B is read from the B scale. ^ 


The choice of the inputs 
and outputs depends 
only on the computer 
design requirements. 






SUMMARY 


In the remainder of this section, 
the operoting principles of multi¬ 
plication and division devices 
ore applied in explaining the 
construction of mechanical multi¬ 
pliers used in Naval v/eapons 
systems. Various ways for pro¬ 
ducing each of the required mo¬ 
tions are shown and are then 
used to develop typical complete 
multiplier mechanisms in a step- 
by-step fashion. Where limita¬ 
tions exist in the mechonisms, 
they will be pointed out ond 
explained. 
















Rack and Screw-Type Multipliers 


the construction of an actual multiplier 


Is arranged to produce the same movements as those in the basic graphical multiplying device. Each 
movement is accomplished by an individual mechanism. These mechanisms, in combination, form the 
complete multiplier. There are many types of multipliers, depending on the particular mechanisms 
used. Developed below is a multiplier known as the rack-type. 


The function of the rod 
is performed by a 
SLIDING SLOTTED ARM. 

Riding in the slot 
is a block that carries the 
MULTIPUER PIN. 
The slotted arm is supported In a 
FIXED YOKE-TYPE PIVOT. 




Hinged to one end of the arm is a RACK that 
slides up and down. The gear constants are set 
up so that the rack rotates the arm about the 
pivot so as to produce the correct value of the 
A input. As the rack moves, the arm length be¬ 
tween the yoke pivot and rack changes. Since the 
arm can slide in the yoke pivot, no binding occurs. 


screw-type multiplier 

Here is one type of mechanism that can be used in 
place of a slotted rack. It consists of a slotted slide 
with threaded holes at each end to receive two lead 
screws. The screws are geared together through the 
input shaft so that the Input rotation drives the slide 
back and forth evenly. 


The lead screw and slide mechanism is used in con¬ 
junction with rack mechanisms to form adevice known 
as a screw-type multiplier. This multlidier Is es¬ 
sentially the same as the rack-type shown above ex¬ 
cept that the screw and slide arrangement is used in 
place of the slotted rack for the B input. 



note The screw mechanism is irreversible. That is, the muUiplier 
pin can not drive the slide along the screws. Therefore, 
this mechanism can only he used for an input. 
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MUmnJCATION AND DIVISION DEViaS 



The multiplier pin extends up through a 
slot in the arm of a second sliding RACK. 
This rack positions the multiplier pin so as 
to produce the value of the B input. 


GEAR 


C OUTPUT 
GEAR 


At right angles to the B rack is a third 
RACK having a slot that also engages the 
multiplier pin. As the pin is moved by the 
A and B Inputs, it positions this rack to 
produce the C output. 


The three component mechanisms developed at the 
left form the complete rack-type multiplier. 
Shown above is an actual rack type multiplier 
used in a Naval computer. This mechanism has 
a slightly different arrangement of the racks. In 
all rack-type multipliers any two of the racks can 
serve as li^nits and the other as the output. Thus, 
the device can function equally well as a divider 
and as a multiplier. 


ZBro position When cme of the multiplier inputs is at zero, the output must re¬ 
main at zero regardless of the value of the other iiqnit quantity. 


The A input is at zero v4ien the slot in 
the A arm is lined up with the slot In the 
C rack. In this condition, as shown be¬ 
low, any movement of the B rack merely 
causes the multiplier pin to slide along 
the lined up slots. Therefore the multi¬ 
plier pin does not move vertically and 
there is no output motion of the C rack. 



The B Input Is at zero when the multi¬ 
plier pin Is directly over the yoke pivot 
as shown below. Now, since the multi¬ 
plier pin is at the pivot axis, any A in¬ 
put causes the A arm to rotate about the 
multiplier pin. Accordingly, there is no 
linear displacement of tbeplnand hence, 
no output on the C rack. 



note The zero i>osilion» of the multifilier are u.wfut for t het kinfi and ad¬ 
justing the mechanism and for insuring that it is ofieraling correctly. 
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summary 

The mechanisms of the screw- 
type and rock-type multipliers 
are essentially devices for pro¬ 
viding the three basic move¬ 
ments reloted to the setting up 
of two similar triangles. Various 
multipliers of these types en¬ 
countered in computers moy dif¬ 
fer in detail os regards location 
of the pivot and the orrange- 
ment and shape of the rocks. 
However, all work on the prin¬ 
ciple just explained. 

Next we will take up another 
multiplier that provides the 
same three basic movements 
but uses a different type of 
mechanism. 






LINKAGE 
MULTIPLIERS 

The same movements that are 
produced by the elementary 
graphical multiplier can be accomplished by an 
equivalent device consisting of two hinged levers. 

The corresponding parts of the two mechanisms are shown in the figure. 

The manner in which the equivalent motions are produced is described below. 

equivalence of mechanism motions: 

Effectively, the rod in figure 1, merely sets up a stral^t line be¬ 
tween the fixed pivot and the multiplier pin. Tliis straight line is 
rotated to produce the A input by physically swinging the rod about 
the fixed pivot. Tlie lever medianlsm in figure 2 establishes a 
strai^t line (die imaginary line) between the fixed pivot and multi¬ 
plier pin that is exactly equivalent to the straic^ line set up by the 
rod. Hie imaginary line is rotated to produce the A input by fdiysi- 
cally swinging the entire lever mechanism about the fixed pivot. 
The motion of the multiplier pin along the rod as shown in figure 3 
is accomplished in the lever mechanism by holding the A input lever 
fixed at the position for any given A input, and then swinging the B 
input lever about the hinge pin as shown in figure 4. Of course, the 
multiplier pin moves in an arc about the hinge pin, rather than in a 
strai^t line. However, with long levers and small angular openings, 
the difference between the arc and the stral^t line is negligible. 
U can be seen from the above analysis that the motions produced 
by the rod and pin mechanism can be closely reproduced by the 
hinged lever mechanism. 

FieURE 4 




positive and negative values 

The lever mechanism handles positive and negative 
values in the same way as any other mult4>lisr using 
the aimiiftr triangle principle. For each movement, 
one direction is selected as being positive; the oppo¬ 
site direction is then negative. The directions are 
established so that the pattern of the signs follows 
the laws for multiplication. This pattern is shown in 
the diagrams at the ri|^t. (Only the A and B Input 
levers are illustrated.) Note that in the pattern of 
signs, two positive or two negative inputs produce a 
positive output, and a positive and a negative input 
combine to produce a negative output. In the arrange¬ 
ment shown, A is positive uhen the A liqnit lever is 
tilted to the left and negative when it is tilted to the 
right. B is positive with the B input lever swung 
to the right of the A Input lever and negative when it is 
swung to the left of the A input lever. C is positive 
when the multiplier pin is above the horisontal axis 
♦hrftuflh the pivot and negative when the multiplier 
pin is below the axis. 
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lever multiplier geometry 


external link connections 


The diagram to the left shows 
that the geometry established 
by the lever mechanism is the 
same as the geometry estab> 
lished by the rod and pin mech¬ 
anism. Therefore, the lever 
mechanism solves the basic 
equation C » A x B. 


It is convenient to rotate the 
lever mechanism by applying 
an input to the hinge pin. The 
distance by which the hinge 
pin must be moved is directly 
^ related to the value of A, as 
r may be seen by analyzing the 
^ diagram at the left. Since 
/ their legs are mutually per¬ 
pendicular, the two shaded 
right triangles are similar. 
By the proportion shown, the 
Input is equal to KA. For 
small rotation angles, the 
value of K remains nearly con¬ 
stant. This constant factor Is 
accounted for in the scale for 
the A Input. 


External connections to the A and B Input levers 
are made by means of links to form a complete 
linkage multiplier. The movements of the links 
are restricted to relatively small input values 
to insure accurate operation of the mechanism. 
The A input link is attached to the hinge pin and 
the B input link is attached to the multiplier pin. 
The vertical movement of the multiplier pin re¬ 
presents the C output. Since the multiplier pin 
can have a ccmsiderable horizontal movement, 
due to the B input lever motion, an additional 
pair of levers is usually used to transfer the C 
output value to the C scale. (These transfer 
levers have no computing function.) 


note 

In the lever mechanism, any two of the values can be used 
as inputs and the third as the output. The mechanism can 
therefore function either as a multiplier or as a divider. 


zero position 

With B zero, the multiplier pin is di¬ 
rectly over the fixed pivot. The B input 
lever and A input lever are superim¬ 
posed. When the A input is varied, the 
two superimposed levers swing together 
about the fixed pivot and again there is 
no C output. 



When A is zero, the hinge pin is directly 
under the upper pin of the C scale lever, 
and the C scale lever and B input lever 
are superimposed. When B is varied, 
the two superimposed levers swing 
together about the hinge pin axis and 
therefore there is no C output. 


summary 

Although there ore certoin 
geometrical opproximo- 
tions in the linkage multi¬ 
plier, the device has the 
advantage of compara¬ 
tive simplicity of construc¬ 
tion. However, if the 
movements are kept 
within proper limits, the 
linkage is sufficiently 
accurote for precision 
computation. Next we will 
consider another multi¬ 
plier incorporating similar 
approximations ond will 
toke up some other con¬ 
siderations relating to 
multiplication in com¬ 
puters used in weopons 
systems. 
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SECTOR MULTIPLIERS 


Some multipliers operate on a geometric principle 
slightly different from that previously described. The 
computing portion of one such multiplier is shown to 
the right. It consists of a pivoted sector arm along 
which a multiplier pin can be moved by a lead screw. 
The A input Is ^)plled as the angle between the sector 
arm and the reference line, and the B input as the 
distance between the pivot and the multiplier pin carried 
on lead screw. The output Is taken as the vertical height 
of the multiplier pin above the reference line. The input 
and output quantities form the right triangle shown next 
to the sector arm. Solving the right triangle gives: 
Output - B sin A. However, for small angles up to about 
1/3 radian (20 degrees), the sine is nearly equal to the 
angle in radians. Hence, the equation for the output can 
be rewritten as Output » AB. This means that within 
its range the mechanism acts as a multiplier (to a close 
approximation). 

The additional mechanism shown to the right in heavy 
line is provided merely to pick off the linear output of 
the A sector arm and convert it to an angular quantity. 
The mechanism is set up so that the radius arm, paral¬ 
lel arm, and C sector arm form a parallelogram with 
the result that the slot in the parallel arm always re¬ 
mains parallel to the reference line. The multiplier pin 
of the A sector arm projects up throu^ the slot and 
moves the parallel arm an amount equal to output AB. 
This linear output is applied to the C sector arm causing 
the arm to rotate through output angle C. As shown in 
the diagram, linear motion AB, angle C, and the constant 
K(distance between C sector pivot and hinge pin) form a 
right triangle. Solving the triangle gives: K sin C » AB. 
Again, for small angles sin C is almost equal to C. 



Hence, the equation can be rewritten as KC » AB. The 
constant K is accounted for in the external gearing. 
The complete sector multiplier in the form shown here 
is actually used in computers. 


MULTIPLYING 

BY 

A CONSTANT 

Any of the complete multi¬ 
pliers that have been described 
can be used to multiply a vari¬ 
able by a constant as well as 
to multiply two variables. 
However, for multiplying by 
a constant, the use of such 
complex devices is unecono¬ 
mical in both cost and space 
utilization. There are many 
simpler and more compact 
devices available for the 
handling of constant factors. 
All of these devices are based 
on a fixed ratio between the 
variable input and the output. 
A number of different types of 
simple constant multipliers 
are shown at the right. These 
and many other similar de¬ 
vices are employed extensively 
throughout Naval computers. 


scale factor The simplest 
way to multiply by a constant is to 
introduce the ratio into the scale or 
dial from which the value of the 
product is read. 


A4 


3A 


gears A pair of gears is a device 
that can be used as a constant multi¬ 
plier. The constant is the ratio of the 
number of teeth on the driving gear to 
the number of teeth on the driven gear. 
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levers When pivoted levers are 
used, the constant factor is estab¬ 
lished by the ratio of the arm lengths 
as measured from the fixed pivot. 
Two examples of levers are shown. 

bell cranks These cranks are 
essentially the same as levers. They 
allow the Input and output to move In 
different directions. The bell crank 
can have any desired angle and shape. 
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MULTIPLICATION AND DIVISION DEVICES 


actual multiplier applications 


screw-type multiplier 

Here is a bank of four screw- 
type multipliers as actually in¬ 
stalled in a Naval fire control 
computer. (To expose the bank, 
some of the surrounding mech¬ 
anism has been removed.) The 
details of one multiplier of the 
bank Is shown at the far right. 
Compare this photograph with 
the schematic representations 
previously given for the screw- 
type multiplier. 



OUTPUT MULTIPLIER 

RACK PIN 


LEAD 

SCREW 


INPUT 

RACK 


LEAD 

SCREW 


PIVOT 

AIM 


STATIONARY 

PIN 


SLIDE 


linkage multiplier 



The photograph here shows the Internal mechan¬ 
ism of a linkage type ballistics computer for a 
fire control system. The Inset is an enlarged view 
of one of the multiplier linkages. Note that in this 
case, a bell crank is used to transmit the output to 
the remainder of the computing system. Also ob¬ 
serve how the lower input (to the multiplier pin) 
is applied through a connecting link. This illus¬ 
tration shows only one of the many input-output 
arrangements that can be used. Even the form of 
the multiplier linkage itself can be varied to meet 
the physical design requirements of the computer 
as regards range of operation and available space. 


The foregoing covers the principal 
types of multiplication and division 
mechanisms used in Naval com¬ 
puters. Although speciol forms of 
multipliers may be encountered, 
the principles developed in this 
section should prove helpful in 
onalyzing their operation. 
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MULTIPUCATION AND DIVISION DEVICES 



Here is a way a multiplier can be used in 
conjunction with a differential to solve a 
sipiplified fire ccmtrol problem. In the 
above Illustration, the target is at a present 
range R and the ships are moving so that 
R is increasing at a range rate DMr. In 
order to hit the target, the gun must be 
aimed to account for the change in range 
Rp2 during the time the projectile is in 
flight T2. Rp2 (called the range prediction) 
is computed by obtaining the product 
DMr • T2. The future range R2 at which 
the target will be hit is found by adding 1^)2 
to R. At the right is a schematic of a mech¬ 
anism for performing these calculations. 



problems 


1. Work out schematics for computer 
mechanisms employing multipliers to 
accomplish the mathematical operatims 
listed at the right. 


a. Obtaining as an output the square of 
an input A. 

b. Obtaining as an output the recipro¬ 
cal of an input A. 


2. Examine the schematic at the ri^t and determine 
egressions for the outputs of the multiplier and the 
differentials. Then simplify the e]q)res8ion for the out¬ 
put of the final differential to show that the equation for 
mwq(L8) can be written as: 


mwq(Ls) s KlWba 



K2^K3 


] 


+ q(Ls) 


This equation forma a part of the computations per¬ 
formed in an actual Naval fire control computer. 



3. In the same computer mentioned In the second prob¬ 
lem, the advance range R3 is determined by modifying 
the generated present range c(R) to accoimt for target 
motion during the projectile time of fli^t, wind effect 
on the projectile, variations in the initial projectile vel¬ 
ocity, and range spot corrections. The equation for ad¬ 
vance range is as follows: 


R3 « c(R) + q(R) -f u(RpS) * K3(DMr)uj 
* T2{K[(!»dr)uj * KlWra]} 

First cmstruct a black box diagram and then draw 
a schematic diagram for a mechanism to solve the 
equation. Use one multiplier, five differentials, and 
gear ratios for K, Kl, and K3. Arrange the sche¬ 
matic for clarity. 
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CHAPTER 2 BASIC MECHANISMS OF COMPUTERS 


SECTION 



TRIGONOMETRIC DEVICES 


Computers used In Naval weapons systems often must deal with prob¬ 
lems Involving trigonometry. Ordinarily, these problems are concerned 
with the solution of right triangles, particularly as applied to opera- 
tlcms with vectors. The basic operations include resolving a vector 
into components and combining vectors to produce a resultant vector. 
Illustrated at the right is a typical vector diagram showing a vector B 
and two perpendicular components C and D. In a practical problem, 
vector B might represent the velocity of the wind affecting the pro¬ 
jectile, and vectors C and D the components of the wind velocity along 
and across the line of fire, while angle A is the direction of the wind 
with respect to the line of fire. 


Problems such as the one above can be handled with 
written computations or may be set up by simply draw¬ 
ing the vectors to scale. The latter method is straight¬ 
forward and Is very convenient. Once the diagram has 
been constructed, any vector or angle can be obtained 
by direct measurements. Instead of actually drawing 
the vectors, it is possible to set up the problem mech¬ 
anically by using an elementary graphical device that is 
very similar to the one described for multiplication in 
the preceding lesson. 


f / / / / / 


^ / / / A/ 

' '/ ' /W / till 

/-/ /.N/ / 

f ! M / f !' ^ / / / i 


D = B cos A 


This elementary graphical device emplc^s a sheet of graph paper, a 
pivoted rod, and a sliding indicator pin as before. However, in this 
case, two scales have been added: one to indicate the an^e of the rod, 

and the other to show how far the indicator pin is moved from the SCOPE OF SECTION. The remainder 

pivot. To use the device for obtaining the components of a vector, pro- this gecUon is devijted to a detaUed 

ceed as foUows: Set up the vector by rotaUng the rod to angle A and explanaUon of how the resolution and 

moving the indicator pin out along the rod to a distance B. The com- combination of vectors are accompUshed 

ponent vectors C and D can now be determined by reading the position by means of mechanical devices. Start- 

of the pin on the C and D scales. Note that this is essentiaUy the mech- the elementary graphical de- 

anical equivalent of actuaUy drawing a diagram. details of mechanisms used in 

Naval computers are develc^ed and 
analyzed. A number of practical appli¬ 
cations and illustrative problems are 
given at the end of the section. 
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Operating Principles of Trigonometric Devices 


- 1 - 

0 - B cos A 

Since the graphical device pro- 
duces a mechanical equivalent 
of the above diagram, the 
device can function either to 
resolve a vector into two com¬ 
ponents or to combine two 
vectors Into their resultant 
vector. Which of these actions 
occurs depends on what values 
are selected as inputs and out¬ 
puts. As can be seen from the 
diagram, the three vectors 
form the sides of a right tri¬ 
angle. Accordingly, the device 
can be used to set up and solve 
r^ht triangles in the same way 
as it solves vector problems. 
In the complete triangle any two 
of the four values A, B, C, and 
D can be used in inputs to ob¬ 
tain the other two values as 
outputs. The manner in which 
the device functions in the re¬ 
solution and combination of 
vectors (or in the solution of 
triangles) Is shown at the right. 


resolution of a vector 

The first step in the resolution of a 
vector into its components is to es¬ 
tablish the direction of the vector. 
This Is done by rotating the rod to 
the desired direction as represented 
by input angle A. In the case illus¬ 
trated, the D axis is used as the 
fixed reference line from which 
angle A is measured. The positive 
direction for A Is taken as counter¬ 
clockwise. 



combination of vectors 

To find the resultant of two perpen¬ 
dicular vectors C and D, proceed 
as follows: With the rod at zero de¬ 
grees, slide the indicator pin out 
from the pivot until the reading on 
the D scale Is equal to the scalar 
magnitude of vector D. This set¬ 
ting establishes the D vector in the 
device by setting up its magnitude 
and direction. (The positive direc¬ 
tion for D is taken to the right of 
the C scale.) 



positive and negative values 


In trigonometry, only positive values of radius are usually recognized. 
However, in fire control, vectors and components must often be combined. 
Therefore, a convention of signs must be established so that directions 
are properly accounted for In scalar additions. 


The relationship between the signs of the various 
values that would be read on the scales of a trig¬ 
onometric device Is shown In the diagrams at the 
right. The heavy lines show the pattern of signs 
for a positive value of B In each of the four quad¬ 
rants. The positive direction of the B vector is 
defined by angle A. Angle A itself Is measured 
from the plus D axis and Is positive when mea¬ 
sured counterclockwise; negative when measured 
clockwise. Note that a given direction of B can be 
defined by either a positive value of A or a negative 
value. As shown In the first figure, an angle A of 
>••45 degrees defines the same direction as an 
angle A of -315 degrees (45 - 360 s -315). 

The signs of component vectors C and D for a 
positive value of B depend on the quadrant to which 
angle A Is measured. These signs follow the same 
quadrant rules as apply to the sine and cosine of 
the angle. When vector B is made negative by re¬ 
versing Its direction, the signs of component vec¬ 
tors C and D also reverse. This condition Is 
shown by the dotted vectors In the figures. 
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TRIQONOMETR1C DEVICES 


The length of the vector la set Into the device by 
sliding the Indicator pin out from the pivot by the 
distance B. This distance represents the scalar mag¬ 
nitude of the vector. Since both the magnitude and 
direction of the vector are now set in, the represent¬ 
ation of the vector is complete. To obtain the two 
components, it is only necessary to read their values 
on the C and D scales. The C value is read by trac¬ 
ing horizontally across from the pin, and the D value 
by tracing vertically downward from the pin. 



c= 

D = 


The C vector is set in by moving the indicator pin up 
vertically until its distance above the D axis is equal 
to the scalar magnitude of vector C. (This move¬ 
ment causes the rod to rotate about the pivot. Since 
the pin moves in a vertical path, it must slide out¬ 
ward along the rod to keep the D vector constant.) 
After the C value has been set in, the angle A of the 
rod and the distance B define the direction and scalar 
magnitude of the resultant vector. This is the sum 
vector of vectors C and D. 



-► 


A = 


Input-output movomonto 


The preceding analysis shows that the 
elementary graidiical device for trigmo- 
metric operations has four basic mech¬ 
anical movements. These movements are 
illustrated separately in the figures below. 
Any actual computing device employing 


this principle must be able to reproduce 
the four movements. Variations may be 
expected in the design of the Individual 
mechanism producing the movements, but 
in all cases the principle remains the 
same cegardOLess of mechanical detail. 


1. A rotation of 
the rod about the 
origin measured 
counterclockwise 
from the +D axis. 



3. The motion 
of the indicator 
pin measured 
parallel to the 
D-axis. 



2. A movement 
of the Indicator 
pin measured 
along the rod 
from theor^ln. 



4. The motion 
of the indicator 
pin measured 
parallel to the 
C-axls. 



summary 

Computing mechanisms 
that are designed to 
resolve a vector into 
components are called 
component solvers, 
while those that com¬ 
bine two vectors to pro¬ 
duce their resultant ore 
known as vector solvers. 
Both these types of 
mechanism ore bosed 
on the principles that 
hove been developed. 
Next we will consider 
how these mechanisms 
ore designed to repro¬ 
duce the four basic 
movements inherent in 
the elementary trigono¬ 
metric device. 
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Construction of a typical trigonometric device 




B PINION 


PIN 


B PINION 
AXIS 

LARGE 


AXIS 


In a typical trigonometric device the function of the rod of the graphical computer is 
performed by a slot cut into a large gear that is driven throu^ angle A. The indi¬ 
cator pin is mounted on a block that slides in the slot. A rack attached to the block 
is driven by the B pinion to move the pin back and forth in the slot. Hie axis of the 
pinion shaft is at the center of rotatlcMi of the slotted gear. The bearing supports for 
the slotted gear are not shown in the figure. These su^iorts are incorporated in the 
mounting plate for the complete mechanism and hold the slotted gear so that it rotates 
accurately about the axis of the B pinion shaft. A gear on the pinion shaft and a gear 
meshed with the slotted gear provide for making external connections to the mechanism. 

The direction of vector B is set up by rotating the slotted gear until the slot is at 
ai^le A with respect to the reference Line (in this case, the D axis). The scalar mag¬ 
nitude of vector B is put in by rotating the B pinion. As it rotates, the pinion drives 
the rack causing the indicator pin block to slide in the slot. The distance of the in¬ 
dicator pin from the axis of rotation as measured alongthe slot establishes the scalar 
magnitude of the B vector. Since the slot extends across the entire gear, both posi¬ 
tive and negative values of the B vector magnitude can be set into the mechanism. 


compensating differential 












ORIGINAL POINT 
OF MESHv 


ORIGINAL POINT 
OF MESH 


DISPLACEMENT 
RESULTING 
FROM •WALKING 
AaiON' 
(PROPORTIONAL 
TO AJ- 




up to this point we have not considered a problem that arises with the indicator pin mech¬ 
anism described above. Assume the mechanism is Initially set up as shown above with 
the indicator pin at some definite position. Now suppose we wish to change the angle A 
input without changlngthe B setting. The natural thing to do would be to rotate the slotted 
gear to the new angle A while holding the B pinion fixed. However, as the rack is carried 
around with the slotted gear, it rolls around the fixed B pinion. As the rack rolls, the 
rack teeth (shown numbered in the enlarged views) successively engage the corresponding 
tooth spaces of the fixed B pinion. The change in the point of mesh caused by this "walking" 
action causes the rack to slide in the slot so that the pin moves outward from the center of 
rotation by an amount proportional to the change in angle A. Thus the B setting changes 
in spite of the fact that the B pinion is held fixed. Since changes in angle A affect the B 
setting, errors will result if compensation is not made for this effect. 
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TRIGONOMETRIC DEVICES 


Now that the B vector has been set up, it is 
only necessary to provide mechanisms for 
picking off the C and D component vectors. 
This Is done by means of slotted racks simi¬ 
lar to those used In multiplier mechanisms. 



Since the rack and pinion 
mechanism is reversible, 
the C and D racks can be 
used as inputs and the A 
and B values as ou^nits. 
Therefore, the mechan¬ 
ism Just developed could 
be used either to resolve 
a vector into two com¬ 
ponents (as a component 
solver) or to combine two 
vectors to produce their 
resultant vector (as a 
vector solver). The 
mechanism shown here 
is an actual unit that is 
used as a vector solver 
in a Naval fire control 
computer. 




Since the error in the B setting is proportional 
to the A input, the error can be eliminated by 
simply subtracting a value proportional to A 
from the B input. We have already seen that 
a differential can be used to perform subtrac¬ 
tion. The differential can be connected as 
shown above, so that the B input drives the 
spider, and the A input drives one end gear 
through the necessary gear ratio to obtain the 
required proportion of A. The output from 
the other end gear (B-KA) is used to drive 
the B pinion. 


zero position 

When angle A is at zero 
or 180 degrees, the gear 
slot is aligned with the D 
axis. Accordingly, the B 
and D values can vary 
over their entire range 
without moving the C rack 
off zero. 

Similarly, when angle A 
is at 90 or 270 degrees, 
the gear slot is aligned 
with the C axis. Now the 
B and C values can vary 
over their entire range 
without moving the D 
rack off zero. 


With Bat zero, the indica¬ 
tor pin is at the axis of ro¬ 
tation of the slotted gear. 
Therefore, angle A can be 
varied over a full 360 
degrees withoxit moving 
either the C rack or D 
rack off zero. 


c|axis 


I*-0 MOTION - 



C INDICATOR 

AXIS PIN 


.s/ \t\tAH) 


All devices of the general type described here 
employ two slotted rocks for the C ond D vectors. 
However, the mechonism for positioning the indi¬ 
cator pin may toke vorious forms. On the next 
poge we will cover severol other Indicator pin 
mechonisms. 
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HERE ARE SO\fE OTHER DEVICES 


COMMOISLY EMPLOYED AS 



This mechanism consists of the same 
slotted gear as before with the addition 
of another gear of the same size having 
a spiral cam groove. The cam performs 
the same function as the rack and pinion 
in moving the indicator pin to set up the 
scalar magnitude of the B vector. Note 
that to keep the B input independent of 
the A input this mechanism also re¬ 
quires a compensating differential. The 
cam gear and the slotted gear are ac¬ 
tually mounted close together as shown 
above. In the figures to the right, the 
gears have been separated in order to 
clearly show how thecam moves the pin. 


INDICATOR PIN POSITIONING 



CAM 

fOLlOWER 


Projecting from the bottom of the indicator 
pin block is a follower that engages the cam 
groove. The action of the follower and groove 
is similar to the action of a phonograph 
needle in the groove of a record. As the cam 
is rotated by the B input, the follower rides 
in the groove thus moving the indicator pin 
along the slot. In the upper figure, the fol¬ 
lower is shown near the center of the cam as 
is the case for a small value of B. In the 
lower figure, the cam has been rotated 
counterclockwise about 2-1/2 revolutions to 
position the indicator pin so as to produce a 
larger magnitude for vector B. Note that 
since the cam groove progresses outward 
from the center of rotation the travel of the 
indicator pin is limited to somewhat less 
than one half the diameter of the cam gear. 
Also, the pin can only move out from the 
center in one direction. Therefore, the mech¬ 
anism is limited to handling either positive 
B values or negative B values. Shown to the 
ri(^t is a modification of the indicator pin 
block that makes it possible to handle both 
positive and negative values of B. 


r 


screw type 

In the screw type mechanism, the indicator pin block is 
threaded to receive a lead screw. The lead screw is 
driven by gearing as shown in the figure at the lower left. 
Since the gearing for the lead screw must be carried 
around with the slotted gear, the B input shaft is mounted 
concentric with the center of rotation. Because of the 
rolling action that would occur at the center bevel gear 
when the slotted gear is rotated by an A input, a com¬ 


pensating differential must be Inserted into the B input 
gearing. By subtracting a value proportional to A from 
the B input, the differential produces the required com¬ 
pensation as explained on the preceding page. Since the 
slot in the gear extends all the way across on both sides 
of the center of rotation, the mechanism can handle posi¬ 
tive and negative values of B. 



INPUT 

GEAR 


8EVEL GEAR 


INPUT SHAFT 


DIFFERENTIAl 


CENTER Of 


Shown below, is an actual screw type trig¬ 
onometric device used in an anti-aircraft 
computer for determining range and ele- 
vaticm components of vertical target speed. 
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MECHANISMS 


TRieONOMETRIC DEVICES 


To permit handling both positive and 
negative B values, the indicator pin 
block is elongated and the indicator 
pin is offset from the cam follower 
by a distance equal to one half the 
total cam travel. When the follower 
is at the center of the cam as shown 
here, the indicator pin is at one ex¬ 
treme of its motion. (Assumed here 
to be positive.) As the cam rotates 
counterclockwise, the pin moves 
toward thecenterdecreasingthe size 
of the B vector. 

As the cam continues to rotate, the 
pin crosses over center and the sign 
of the B vector changes from positive 
to negative. When the follower 
reaches the outer edge of the cam 
groove as shown in this figure, the 
pin is at its maximum negative posi¬ 
tion. Note that the total cam travel 
is the same as for the pin having no 
offset. However, because of the ■¥ 
and - feature, the B vector can now 
be only one half as large as before. 





Shown above is an actual cam type trig¬ 
onometric device used as a component 
solver in a Naval fire control computer. 
Note that except for the fact that a cam is 
used to position the pin, Its appearance 
is essentially the same as that of the 
vector solver previously illustrated. 


limitations 

The range of the B input for a given diameter of the 
slotted gear is determined by the tjrpe of mechanism 
used to position the indicator pin. The diagrams at the 
rie^ compare the screw type with the offset pin cam 
type. Since the total pin travel is limited to sli^tly 
less than one half the cam diameter, the range of B is 
much smaller for the cam t]^ than for the screw type. 




It is important to realize that screw and cam type mechanisms cannot be 
driven in reverse. That is, unlike the rack mechanism, applying a force 
to the indicator pin will not cause the B gearing to rotate so as to produce 
an output. Therefore, the screw type and cam type mechanisms can only 
be used for component solvers and not as vector solvers. 



sumnmry 


The Irigonomefric mechanisms covered to this point all operate by 
setting up an actual graphical representation of the problem to be 
solved. Other devices that differ slightly in mechanical detail may 
be encountered in Naval weapons systems, but all can be analyzed 
in essentially the same way. On the next page we will take up 
another such device, and then consider how trigonometric devices 
can be employed in solving weapons systems problems. 
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RESOLVERS 


another type of trigonometric device 


Some trigonometric devices, instead of handling vectors, generate sine and 
cosine functions directly for use in computations. 

Such devices are called RESOLVERS. 

GENERATION OF SIN A AND COS B 

Sine and cosine functions can be generated simply by a pin located at a fixed 
distance of one unit from the center of rotationof a disc. As shown to the right, for 
any given angle A from the reference line, the height of the pin above the line is 
equal to sin A and the distance from the center measured along the reference line 
is equal to cos A. 


PIN 



Tbe manner in which the hei^t of the pin above the reference 
line varies with angle A can be seen by plotting the hei^t against 
angle A in rectangular coordinates. The horizontal axis ot the 
graiA is graduated in values of angle A. The hei^t for all 
values of A can be obtained from a diagram of the actual pin 
motion drawn with its reference line along the horizontal axis 
of the graph. For each angle, the height of the pin is projected 
horizontally to the ordinate for that same angle. As shown in 
the dLagram, the curve produced by rotating the pin through one 
one full revolution is the familiar sine curve. 

The cosine curve can be generated in a similar way by setting 
up rectangular coordinates 90 degrees from the set described 
above. Now as shown at the ri^t, the cosine component for each 
angle can be drawn into the graiA by projecting the pin position 
vertically downward to the proper qrdinate. By looking at the 
resulting graph from the left side of the page, it can be seen 
that it is an ordinary cosine curve. 


RESOLVER MECHANISMS 



Described below are two elementary resolver mechanisms that utilize the foregoing principle. 


one pin resolver 

The mechanism shown at the right has two links at right angles that are attached 
to the pin to pick off (he sine and cosine components of the unity vector. This 
mechanism acts just like a component solver with the indicator pin set to a fixed 
distance of one unit from the center of rotation. The links perform the same func¬ 
tion as the output racks of the component solver. 

two pin resolver 

Here two pins are used, mounted90 degrees apart, ata fixed distance of one unit from 
the center of rotation. In this case the two links move in the same direction to pick 
off the sine and cosine functions of angle A. As shown in the diagrams, angle A is mea¬ 
sured from one reference line for cos A, and from another reference line 90 degrees 
away for sin A. Note that with these references, the signs of the functions still change 
in accordance with the standard rule as A is varied throufi^ the four quadrants. 



I 


I 



RESOLVER-MULTIPLIER COMBINATION 

For example, a resolver can be employed in combination with a multiplier to perform 
trigonometric computations similar to those performed by a component solver. In 
the diagram only the cosine function is used thus producing the same outpiit as is ob¬ 
tained from the cosine rack of a component solver. In some Naval computers, parti¬ 
cularly those of the linkage type, combinations of resolvers and multipliers are used 
not only for resolving vectors but for a variety of other trigonometric operations. 
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TRIGONOMETRIC DEVICES 


APPLICATIONS 


One of the moet common applications of trigcm- 
ometrlc devices Is In the resolution and combi- 
nation of velocity vectors describing the motion 
of own ship and target. The components of own 
ship and target speed that are (rf particular In¬ 
terest are those measured alongthe line of sifi^t 
and measured perpendicnlar to the line of sl^. 


The components measured along the line of 
si^t affect the range and the components ac¬ 
ross the line of si^t affect the bearing. Hie 
combined motion of own ship and target is 
called their relative motion. Hie relative 
motlcm represents the way In which the target 
moves with respect to own ship. 


RELATIVE MOTION PROBLEM 


In the example at the rl^t» own ship speed is 
DMho and the target Is at a relative bearing B. 
The target is moving at a speed DMht, and its 
speed is directed at a target angle Bot to the 
line of si^t. Hie components of DBfho are 
DMrho and DMbo, while the compmients of 
DMht are DMrht and DMbt. Hiey are com¬ 
puted according to the equations accompanying 
the figures. Directly below the two ships, two 
component solvers are shown, one for own 
ship and one for the target. These component 
solvers perform the computations called for 
by the equations. 


Range rate DMrh is obtained by combining DMrho 
and DMrht. Since these two vectors are parallel 
to each other, this can be accomplished by simple 
scalar combination. Linear bearing rate DMb 
is obtained from DMbo and TOfbt in a similar 
way. Hiese scalar combinations are performed 
by two differentials as shown in the figure. Note 
that the pattern of signs selected is such as to 
produce IBdrh and DMb vectors of the correct 
magnitude and direction. 


If the total relative motion vector DMh is de¬ 
sired, It can be obtained by combining DMrh and 
DMb in a vector solver. The outputs of the 
vector solver are the total relative motion vel¬ 
ocity vector DMh and the relative motion target 
angle (Bot)m. 



summary 


The preceding pages have developed the principles of basic mechanical 
devices for performing trigonometric operations in computers. These principles 
apply not only to the resolution and combination of vectors but also to 
operations involving right triangles and the solutions of trigonometric equations 
in general. Some problems ore given on the next page to illustrate the use of 
trigonometric devices in naval computers. 
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TRIGONOMETRIC DEVICES 


PROBLEMS to be solved... 


1. Having the slant range to the target R, and the tar¬ 
get elevation measured above the horizontal E, It Is 
sometimes necessary to determine the height of the 
target above the horizontal Rv and the horizontal range 
to the target Rh. The quantities are related as shown 
by the equations accompanying the space diagram at 
the right. Draw the schematic diagram of the mech¬ 
anism for solvii^ the equations. Also show how a 
resolver and two multipliers can be employed to do 
the same job. 


TARGET 



2. Computations Involving the effect of wind on the 
projectile appear in naval fire control con 4 >uters. 
The problem is similar In many ways to the relative 
motion problem described on the precedli^ page ex¬ 
cept that the line of fire rather than the line of sight 
Is used as a reference for resolving and combining the 
vectors. Besides the actual true wind, the motion of 
own ship creates an additional wind that is In effect 


blowing opposite to own ship motion. The combination 
of true wind and own ship wind produces the apparent 
wind affecting the projectile. Analyze the vector dia¬ 
grams and equations below to see how the horizontal 
components of the apparent wind are obtained. Start¬ 
ing with Inputs of Who, Bwgo, Wh, and Cwg, draw the 
schematic diagram of the computing system used to 
obtain Wrha and Wba. 




Wb = Wh tin Cwg 
Wfh = Wh cot Cwg 


Wba 
Wbo I 


Wrho 


LINE OF FIRE 


Rexolution of true wind 
and ou n tvind 


rombination of 
verlorx to obtain 
ai>IHirenl wind 


Who 


3. To complete the wind problem, Wrha is further resolved to find 
its components affectli^ slant range and elevation. These two com¬ 
ponents are range wind rate Wra and elevation wind rate Wea. To 
obtain these components, Wrha (which Is at an angle Eg with the 
line of fire) Is resolved into components along and perpendicular to 
the line of fire. Add the schematic diagram for the required mech¬ 
anism to the diagram of problem 2. 




Weo = Wrho *in Eg 
Wro = Wrha coi Eg 


4. In one type of Naval computer, linear elevation 
rate DMe and range rate OMr are obtained from Inputs 
of rate of climb DMv, horizontal range rateDMrh, and 
target elevation E. These computations are performed 
by two component solvers and two differentials as 
shown to the r^ht. Study the diagram and write the 
equations for the outputs of the two component sol¬ 
vers andtheequationsforDMe and DMr. Afterobtain- 
Ing the equations, draw a space diagram Illustrating 
this problem. 
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devices for directly obtaining 

FUNCTIONS OF VARIABLES 


In weapons systems, it is often necessary to perform computations 
involving a quantity equal to a function of some variable. In many 
cases, it is possible to compute the functions but in others, the re- 
latlonship between the Independent and dependent variables can only 
be obtained from experimental data. For example, the ranges to 
which a gun will fire for various elevation angles can only be ob> 
tained from actual firings and are recorded in books of range tables. 
For fire control calculations performed on paper, the required 
values can be looked up in the tables and entered into the compu¬ 
tations. Another method for handling such functions is to plot the 
experimental data on a graph. The graph can then be used to ob¬ 
tain any required value. 

The two methods described above are not suitable for mechanical 
computations. In Naval computers it is necessary to have the data 
built into some device that makes the data accessible automatically. 
In the following pages we are going to cover a number of devices 
used for this purpose in weapon system computers. These devices 
Include special dials, cams, and function generators. 
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In situations where functions of variables are set manually into a 
computer, the value of the function can be established by the use of 
dials or scales. Shown here are several methods that can be em¬ 
ployed for setting data into a computer. In the following examples 
it is assumed that gun elevation is known and that it Is desired to 
set in the corresponding range. 


One method would be to use a uniformly graduated range dial geared 
to the Input shaft. A table or a graph of range versus elevation Is 
used to find the value of range corresponding to the given elevation 
angle. The range input crank is turned to bring the dial to this value 
of range. Since for each new setting the operator is required to 
again read the graph, this method is not widely employed. 


CARTESIAN CAMS 


A device for producing the value of a function automa¬ 
tically may be developed directly from the graph of 
the function as drawn in cartesian coordinates. The 
heart of the device is a metal plate shaped so as to 
form a cam. The cam plate is formed by transferring 
the curve from the graph to the plate and then cutting 
the plate to form a cam surface corresponding to the 
curve. The cam plate can be made to any convenient 


scale. Since the cam plate is an exact replica of the 
graph, the height of the curved cam surface at any 
point is a physical representation of the value of the 
function. Distances measured along the cam parallel 
to its base physically represent the value of the in¬ 
dependent variable. Shown to the rl^t is a complete 
mechanism that utilizes the information cut into the 
cam plate. 


Shown below is a gr^h of range R versus 
gun elevation E and the equivalent cam plate. 
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FUNaiONS OF VARIABLES 


A more direct operating method can be achieved by using a 
specially calibrated dial on the range Input. The dial is 
graduated in units of elevation, but the shaft position for 
each graduation is made equal to the corresponding range 
value. Since the relationship between range and elevation 
is not linear, the distance between graduations will not be 
uniform. With such a dial, the operator need only position 
it to read the given value of elevation. The shaft rotation 
into the computer is then equal to the corresponding range. 


In some computers, particularly linkage types, values are 
expressed as Linear displacements rather than as shaft ro¬ 
tations. For such computers, a straight scale can be used 
to perform the same functions described for dials. The 
figure shows a non-linear elevation scale being used to set 
range Into a computer. Note the manner In which the dial 
graduations crowd at high values of gun elevation. 



A rack is cut into the bot¬ 
tom of the cam plate and 
the plate is mounted on a 
track so that it can be 
moved back and forth by 
the E input pinion. A rol¬ 
ler type follower is mounted 
so as to pick off the R out¬ 
put corresponding to the E 
iiqmt. The R output is con- 
nected to the external 
gearing throu^ a rack on 
the follower. 



R OUTPUT 


CAM PLATE 


PINION 


It can be seen that this device 
can receive any E input and 
produce the associated value 
of R as an ou^t without any 
necessity for referring to 
graphs or tables or for read¬ 
ing dials. Because such a 
device can automatically and 
continuously produce any de¬ 
sired function of a variable, 
cam devices have wide appli¬ 
cations in all types of weapon 
system computing equipment. 


summary 


The devices just developed illustrate principles universally employed in com* 
puters for handling a vride variety of empirical and mathematical functions. 
Although all cams operate according to the some general principle, they can 
differ greotly in the form of their construction. The following poges of this 
section cover the more common com mechonisms encountered in weapons 
systems, and give explanations of their design characteristics. As will be seen, 
the only significant differences in these mechanisms are in the type of cam 
working surface employed and in the design of the follower mechonism. 
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POLAR CAMS 


A function of a variable can be plotted in polar co¬ 
ordinates as well as in cartesian coordinates. 
Shown above Is the same cartesian graph of range 
versus gun elevation as described on the preceding 
page. At the rl^t is the same function plotted in 
polar coordinates. In the polar plot, gun elevation 
is represented by the angle of the radius vector and 
range Is represented by the vector length. Each 
numbered vector in the polar plot corresponds to 
a similarly numbered ordinate In the cartesian plot. 



The curve above is subtly different from an ordinary polar 
graph. Instead of being plotted from the center, the range values 
are measured outward from a base circle. The reason for this 
is explained to the rig^t. 


CAM WORKING SURFACES 



The working surface against which the follower bears need not 
take the form previously described. Almost any kind of sur¬ 
face could be used. Another type of working surface that Is 
widely used Is shown to the left. In this mechanism, the curve 
is in the form of a groove cut in the surface of the cam gear. 
Note that since the follower is restrained by the groove, no 
spring is required. 


COMMON TYPES OF CAMS 


There are a number of mathematical 


oscillating up and down movement. In 
such operations, the function of the cam 
Is primarily mechanical rather than 
computational. Shown to the ri^t are 
some grooved cams that appear fre¬ 
quently in Naval fire control computers. 
The tables accompanying the illustra¬ 
tions show the actual values produced 
by the cam for various angular positions. 


NON-COMPUTING SECTION 


operations that appear frequently In 
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2.75 

fire control computations and can be 

/N/ 
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2.14 

handled conveniently by means of cams. 
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1.73 

In addition, cams are commonly used 
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1.43 

to convert a simple motion, such as a 


r 
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1.20 

rotary or linear motion, into some 
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1.00 

other form. For example, a cam can 


40 

.84 


TANGENT CAM. The output 
of this cam is the tangent 
function of the input angle. 
Note that the range of the 
angles must be limited be¬ 
cause the tangent goes to In¬ 
finity at 90 degrees. Similar 
cams exist for all the trigo¬ 
nometric functions of angles. 



SQUARE CAM. This cam 
produces the square of the 
input quantity. Since the 
square of either a positive 
or a negative quantity is al¬ 
ways positive, the groove in 
the cam plate is symmetri- 
caL Such cams can be cut 
for other powers or roots. 
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FUNOIONS OF VARIABLES 



As was the case with the cartesian cam, a polar 
cam is made bjr cutting a metal plate to the shape 
of the polar graph. The cam is mounted on a gear 
so that it rotates about the center of the base 
circle. A follower roller mounted in a spring 
loaded sector gear rides along the edge of the cam. 
The motion imparted to the follower, as the cam is 
rotated by the E input, is the value of the asso¬ 
ciated range output R. This output is transmitted 
to the external mechanism throu^ the R output 
gear. Note that because the cam curve was plotted 
on a base circle, the follower does not move to the 
center of rotation when range becomes zero. This 
fact makes for smoother action over the entire 
cam surface. The cam mechanism in the photo¬ 
graph is one actually used in a computer. 


AXIS OF « 
ROTATION I 





A cam groove can also be cut into 
the side of a cylindrical cam body. 


TRACK 


R OUTPUT 
PINION 


Instead of a groove, the cam surface can also take the 
form of a raised surface or ridge. The ridge can be on 
a sliding plate as shown to the rlf^t, or can be carried 
on a rotating disc or drum. 



E INPUT GEAR 



RECIPROCAL CAM. A fre- CONSTANT LEAD CAM. 

quently used method for di- This cam has a "constant 

vlding in computers is to lead". That is, the move- 

multiply by the reciprocal of ment of the follower in and 

the quantity. The action of out from the center is di- 

this cam is limited because rectly proportional to the in- 

the reciprocal of a small put quantity. In effect, this 

value is very large and that cam merely converts rotary 

of a large value is near zero. motion to linear motion. 


summary 

up to this point we have covered the 
principles of basic com devices used to 
produce mathematical or empirical func¬ 
tions of one independent variable. Re¬ 
gardless of how complicated the function 
is, a cam may be cut on the basis of the 
graph of the function. This makes the cam 
a very useful device in mechanical com¬ 
putation. Once a set of data or a func¬ 
tional relationship has been cut into a 
cam, this information can be readily util¬ 
ized on a continuous and outomatic basis. 
The cams just discussed all handle func¬ 
tions involving one independent variable. 
On the next page a cam device is devel¬ 
oped that can produce a function of two 
independent variables. 
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CAM FOR A FUNCTION OF TWO VARIABLES 


In weapon system computations, quantities are sometimes 
encountered that are empirical functions of two separate and 
Independent variables. For example, a gun must be elevated 
above the line to the future position of the target by an an^e 
that accounts for the amount the projectile drops due to grav¬ 
ity during time of flight. This an^e Is called superelevation 
b(V8), and its magnitude depends on both elevation and range. 
The greater the range, the greater b(V8) must be. However, 
for any given range, b(V8) decreases as elevation Increases. 
The data definlngthe relationship of b(Vs) to range and eleva¬ 
tion can only be determined from eq;>erlmental firings. Such 
empirical data can be handled conveniently by means of a 
cam device. Since b(Vs) depends on two variables. It is neces¬ 
sary to employ a special type of cam mechanism. 


TARGET AT HIGH EUVATION 




For any one elevation angle, It is possible to cut an ordinary 
flat cam to produce b(V8) as a function of range. However, a 
separate cam would be required for each elevation angle. 
Note in this series of cams, that the cam throw (shaded 
area outside base circle) decreases from a large value at 
zero degrees to zero throw at ninety degrees. 


The separate cams could be mounted on a common shaft driven by the range liq»t and the fol¬ 
lower moved from cam to cam as elevation changes. However, this would not be realty practical 
because elevation could be handled only In a limited number of steps. 




To provide for a continuous elevation liynit, a cam can be cut from a solid piece that pro¬ 
gresses smoothly from one end to the other. The effect is equivalent to an Infinite number 
of thin plate cams for angles ranging from zero degrees through ninety degrees of elevation. 


A lateral section through the cam gives the variation of b(Vs) with range tor the selected ele¬ 
vation, while a radial longitudinal section gives the variation of b(Vs) with elevation for the 
selected value of range. 





R INPUT 


The cam Just described is used for a number of functions in Naval conqniters. (One com¬ 
puter uses four such cams.) These cams are usually called three dimensional or barrel 
cams. The Illustration below shows how the follower Is positioned lengthwise on the cam 
by a lead screw moved by the elevation Input. The cam itself Is rotated by the range Input. 
The follower moves a swinging frame, and a gear segment on the frame drives the b(Vs) ou^nit 
gear. The photograph shows an actual barrel cam mechanism. 


b(Vs) OUTPUT GEAR 


FOLLOWER E INPUT 
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STRAIGHT UNE APPROXIMATION 


FUNaiONS OF VARIABLES 


If the ordinates for the curve of a func¬ 
tion are used directly In cutting a cam, 
the cam can sometimes have a rather 
large throw as shown to the rl^t. Cams 
of this type may be excessively bulky 
and be subject to operational difficulties 
caused by such tectors as steep or sharp 
contours. These dllflcultles can be 
overcome by a simple eiqwdlent. A 
stral^t line Is drawn along the curve 
so as to approximate the major portion 
of the function. In the mechmlsm, the 
ordinate of the stral^t line function 
can be produced by a simple gear ratio 
that multiplies the independent variable 
by a constant. Now the cam need only 
produce the difference between the 
ordinates of the straight line and of the 
curve representing the function. Since 
these differences are small, the cam 
will have a small throw. The outputs 
of the gear ratio and of the cam are 
combined in a differential to produce 
the total function. (Compare the sixes 
of the two cams; both are drawn to the 
same scale.) 





NOTES ON CAM DESIGN 


precision construction 

To function effectively, a cam must be designed 
not only to incorporate the required data but 
also to operate prcgwrly as a mechanical de¬ 
vice. Excessively steep curves and sharp 
diumges in contour may result in the necessity 
for hl^ operating forces and may cause undue 
wear. To operate smoothly and accurately, the 
cam should preferably be nearly round, and 
should be designed u4ien possible with roUlng 
contact between the follower and the cam rather 
than rubbing contact. For these reasons, cams 
mechanisms found In computers are more 
carefully and elaborately constructed than 
those used In conventional machinery. 

runout 

Sometimes a function la such that a cam cannot 
cover the entire range of the function. (For 
example, the tangent of an ai^le goes to in¬ 
finity at 90 degrees.) Therefore the cam is cut 
for values between certain limits. When these 
limits are exceeded, the follower enters a non- 
computing section at constant radius called a 
"runout”. While the follower is in the runout 
section, the output remains constant. 



PREFERRED TYPE 
OF CONTOUR 



UNDESIRABLE TYPE 
OF CONTOUR 




Cams represent one of the most 
widel/ used methods employed 
for obtaining functions of varia¬ 
bles. Although they are usually 
used as separate computing units, 
cams may be built into other 
computing mechanisms. Also, 
there are mechanisms other than 
cams used for generating func¬ 
tions of variables and which 
operate on a different principle. 
Next we will consider some com¬ 
puting units having cams built 
into them, and then will take up 
function generators. 




APPLICATION OF CAMS 


In some cases, one or both of the inputs to a comput¬ 
ing mechanism is a function of a variable rather than 
the variable itself. Such an input can be handled by 
having a separate cam mechanism which receives the 
variable as an Input, and ^ose output is fed to the 
computing mechanism. However, for compactness 


and overall simplification of the computer, it may 
sometimes be desirable to incorporate cams directly 
into the construction of the computing device. There 
are many examples of this type of design in Naval 
computers. Shown below are three widely used types 
of computing mechanisms employing built-in cams. 


SINGLE CAM COMPUTING MULTIPLIER 

In this multiplier, a cam is used (instead of a rack or 
screw mechanism) to position one of the slotted in¬ 
put slides. The cam may be cut so that the motion of 
the slide is any desired function of the input. Except 
for this difference, the action and geometry of the 
mechanism is the same as that described for multi¬ 
pliers in section 2. 



TWO CAM COMPUTING MULTIPLIER 

Cams can also be used to put both inputs into a multi¬ 
plier. ilie Illustration at the right shows the upper 
cam lifted to e^^se the inner mechanism of the mul¬ 
tiplier. The geometry established by the slots is again 
the same as explained in section 2. The mechanism 
illustrated here has a special feature in that the slide 
moved by the lower cam is provided with a rack that 
drives a cam output gear. Thus, the function produced 
by the cam can be taken off as an additional output. 


COMPUTING CAM COMPONENT SOLVER 



Normally the cam used in a component solver is of 
the constant-lead type that merely converts the vector 
magnitude input from a shaft rotation to a linear move¬ 
ment of the Indicator pin. However, in the component 
solver shown here, a computing cam is used to posi¬ 
tion the Indicator pin. The cam is cut to produce an 
indicator pin displacement that is proportional to the 
reciprocal of the vector magnitude input. 
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FUNCTION GENERATORS 


FUNaiONS OF VARIABLES 


Another method for producing a function of a variable 
la through the uae of a mechanism that seta up a 
graphical or geometrical analog of the function. This 
is an operating principle similar to that of the trig¬ 
onometric devices described in section 3. Basically, 
these devices mechanically set up a geometric dia¬ 
gram in which lines and angles represent the parts of 


the function to be generated. The equations expressing 
the relationship between the lines and angles of the 
diagram are the same as the function. For example, 
the sine and cosine functions can be generated by a 
simple device that mechanically sets iq)a right triangle 
having a hypotenuse equal to unity; the legs of the tri¬ 
angle then being equal to the sine and cosine of the angle. 


GUIDED BAR LINKAGE 

Assume that in a computation, an e]q;>ressionof the form 
A^ appears. This expression can be bandied 
simply if it is remembered that in a rig^t triangle hav- 
ing l egs A an d B and hypotenuse K, K’ » A’ B* or 
B s yK* - A* (Pirthagorean theorem). At the right is a 
mechanism that sets up a right triangle whose hypot¬ 
enuse is represented by a bar of constant length K. The 
ends of the bar are guided by two slots at rl^t angles. 
Input A and output B are connected to the bar by means 
of links. 


THE FOUR BAR LINKAGE 

This mechanism actually has three moving bars, the 
fourth bar beli^ represented by the distance between 
the fixed pivots. Although the mechanism is quite simple 
mechanically, the functional relationship between A, B 
and the constant lengths of the bars can be quite com¬ 
plicated. By properly adjusting the lengths of the bars 
and the initial angles, the graidi of B as a fimction of A 
can be controlled so as to approximate a wide variety 
of functions. Mechanisms of this type find considerable 
( 4 >plicatlon in computers of the linkage type. 



INPUT A B-f(A) 



K4 


NON-CIRCULAR GEARS 

Althou^ non-circular gears are not widely used, it is 
possible to design gears of almost any shape. Gener¬ 
ally as non-circular gears rotate, the radii measured 
from the center of rotation to the point at which the 
gears mesh undergo a variation. This means that the 
driven gear will not rotate uniformly but its rotation 
will be some f\inctlon of the input gear rotation. By 
properly designing such gears, a wide variety of func¬ 
tions can be generated. 



summary 

As has been demonstrated in this section, 
devices for producing functions of variables 
can take many forms including dials, scales, 
cams of several types, and many kinds of 
function generating mechanisms. In onolyz* 
ing the action of all such devices, it is impor¬ 
tant to remember that they are nothing more 
than a means for mechanically reproducing 
the informotion thot would be given by the 
graph or tobulation of the function. Follow¬ 
ing are problems illustrating the principles 
covered in this section. 
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FUNaiONS OF VARIABLES 


PROBLEMS 


1. Each time a gun Is fired there is a slight erosion of the 
bore that causes gradual enlargement. After a number of fir- 
ings» this results In greater and greater loss in the initial 
velocity at which the projectile leaves the gun thus decreas¬ 
ing the range. In solving the fire control problem this loss 
in velocity must be taken Into accoimt. The table shows the 
velocity loss In feet per second (VL) as a function of the 
number of equivalent service rounds fired (ESR) for a 5"/38 
caliber gun. Using these data, plot a graph in cartesian co¬ 
ordinates showing how the velocity loss varies with the num¬ 
ber of rounds fired. Sketch a cartesian cam mechanism 
based on this curve. 




100 

6 

200 

26 

300 

42 

400 

56 

500 

66 

600 

76 

700 

84 

800 

91 



900 

97 

1000 

102 

1100 

107 

1200 ! 

111 

1300 

115 

1400 

117 

1500 ! 

120 

1600 

122 


2. Again using the data given in the table for problem 
1, plot a polar coordinate graph showing velocity loss 
in feet per second as a function of equivalent service 
rounds fired. For plotting the graph, the following 
scales are suggested: 20 degree angle for each 100 
ESR, and one inch for 100 feet/sec. of velocity loss. 
Use a base circle one inch in diameter. On the basis 


3. On the graph plotted in problem 1, draw a strait^ 
line throu^ the points (VL « 0, ESR ^ loo) and (VL s 
140, ESR - 1500). The slope of this line is a constant 
K s 0.1. Read the difference in ordinate helg^s be¬ 
tween the (nirve and strait line at Intervals of 
ESR s 100. Using the same scales as in problem 2 


4. Shown to the rlf^t is a two bar linkage with bars at 
equal length K. The link for Input A is constrained to 
move along the base line. At the zero position, the 
(^nlng along the base line is equal to the lever length 
K so that the linkage forms an equilateral triangle. 
When an A input is applied, the output link is pulled 
downward throu^ a distance B. Refer to the geomet¬ 
ric diagram and write the equation for output B in 
terms of K and A. Note the relative complexity of 
the function generated by this simple linkage. The 
same function could be produced by cutting a cam, but 
a cam to produce equally accurate results mi^t be con¬ 
siderably more eiqwnsive than the linkage mechanism. 


of the plotted curve, sketch a polar cam mechanism 
that could be used for providing velocity loss, in 
terms of equivalent rounds fired, to a computer. 
Draw a schematic diagram showing how the cam out¬ 
put can be combined with initial velocity to produce 
an adjusted initial velocity value that can be used in 
the calculations performed by the computer. 


and the same size base circle, plot a polar cam for 
the difference values. Compare the size and the 
contour of this cam with the cam obtained in problem 
2. Draw a schematic diagram showing the cam, dif¬ 
ferentials, and gear ratio required to produce the ad¬ 
justed value of initial velocity. 
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CHAPTERS BASIC MECHANISMS OF COMPUTERS 




RATE MEASUREMENT 


SECTION 


• principles 

• systems 

• devices 

• mathematical 
analysis 


This section will aqualnt the student with various means 
available for measuring rates. Rate measurement is a 
necessary part of fire control operations, and the mech¬ 
anisms which aid in such measurement are basic devices 
in computers. The type of rate with which we will be 
most concerned is speed of a vehicle: target speed, or own 
ship speed. Although other types of rate measurement 
will be discussed, they are to be regarded only as back¬ 
ground to our particular interest in rates of vehicles. 


scope of section 


Measurement of displacement will also be discussed; how¬ 
ever, itlsto be considered only as part ofthe broadertask 
of rate measurement. Rate measurement will be analyzed 
as a system or method of going about a task. In the first 
part of the lesson, the mathematics involved will not be 
specified, but after the mechanisms are understood in 
relation to their physical function, they can be clearly 
seen to perform mathematical operations. Therefore, 
the mathematics will be discussed at the end of the lesson. 


Basic principles of rate measurement will first be 
discussed. Then these principles will be seen as parts 
of possible systems of rate measurement. From this 
broad background the student will be shown particular 
mechanisms used in the systems. After the place of the 
mechanism in the system has been established, the 
mechanism will be examined as a mathematical device. 
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RATE MEASUREMENT 


princi 


Rates may be measured In many ways. For instance, the speed of an 
aircraft can be measured by clocking it over a known distance, or by 
direct observation of the airspeed Indicator. The methods used depend 
upon the situation, and the types of vehicles under consideration. The 
speed of a friendly aircraft could be obtained by radioing the pilot and 
asking him for a speed reading. If the aircraft were enemy, however, 
a different means would have to be used. 

MEASURING SPEED 


DIRECT MEASUREMENT 

The direct application is used to find the speed of 
an object which is accessible to the observer. In 
order to measure rates directly, the observer 
must attach his measuring device to the object 
under investigation. Any speed measurli^' device, 
when used directly, will be in contact, in some 
manner, with that object. 


DIRECT CLOCKING 


Direct clockii^ involves 
either measurement of the 
distance covered by an 
object in a known time, or 
the time the object takes 
to cover a known distance. 

Distance covered by an 
accessible object can be 
measured linearly in feet, 
yards or miles, using 
standard distance mea¬ 
suring devices, or rota- 
tionally in revolutions, 
degrees or radians, using 
dials or counters. 


The speed of a moving object is usually 
expressed in feet per second, miles per 
hour, revolutions per minute, etc. These 
units have one common feature—they all 
represent units of Displacement per unit 


of Time. The clocking method determines 
velocity by finding displacement and divid¬ 
ing by the time taken for the displacement 
to be accomplished. 



AVERAGE VELOCITY DEPENDS ON DISPLACEMENT AND TIME 


The velocity given by this method is the 
average velocity over the time taken. In 
some cases we may wish to determine the 
instantaneous velocity. 


The shorter the time interval between A 
and B in the diagram, the closer the aver¬ 
age velocity would be to the instantaneous 
velocity of B. If we desired to determine 
the instantaneous velocity of the aircraft 
at point B, we would have to take an in¬ 
finitely small time interval. 
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direct and Indirect measurement of speed 


The methods for findiog rates can be ai^Ued In either of two ways— 
directly or indirectly. The direct application is used for an object in 
the immediate vicinityof, and accessible to, the observer. The indirect 
application is used for flnding the speed of an unapproachable object, 
such as an enemy aircraft. We will now investigate a number of ways 
to measure speed. First we will apply them directly, and then ai^ly 
them indirectly. 

DIRECTLY 



One way to approximate an instantaneous rate is 
as follows: Instead of performing an arithmetical 
division, find the speed graphically by plotting on 
a gr^h the observed displacement vs. time. 



INSTANTANEOUS VELOCITY EQUALS 

THE SLOPE OF THE DISPLACEMENT —TIME CURVE 


The slope of the graph at any point, for example t^, is equal to the velocity 
at that point. This method can be used to find instantaneous speed by 
taking the slope at point B. But, since B is the last point on the graph, 
the slope is difficult to determine accurately. A method using this prin¬ 
ciple was esdenslvely used in fire control, but is now becoming obsolete. 
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MEASURING SPEED DIRECTLY 


DIRECT SPEED SENSITIVE DEVICE 

The speed sensitive device depends upon a physical 
quantity which is proportional to the speed of the object. 


The pressure on the wing of an aircraft is 
proportlcmal to its speed through the air. 



The temperature on the wing of an aircraft is 
also proportional to its speed through the air. 



In a governor, 

the angle of the weighted arms 
is proportional to the rotational speed 


If a container of liquid is rotated, 
the height of the liquid 
is proportional to the rotational speed. 


An electric generator produces 
a voltage proportional 
to the speed of its shaft 



ANGLE proportional to SPEED 





CONTAINED CONTAINEfi 

STIU ROTATING 

HEIGHT proportional to SPEED 



VOLTAGE proportional to SPEED 


DIRECT CALIBRATED SPEED CONTROL 


In certain cases, the speed of 
an object is porportlonal to 
the amount of power supplied 
to that object. For instance, 
the speed control of an electric 
fan or mixer determines the 
amount of power supplied to 
the motor. When the control 
iS8etat"hlgh", the power sup- 
idled to the motor increases, 
and the speed of the fon in¬ 
creases in proportion. If the 
speed (high, medium, or low) 
of the fan is unknown, it may 
be determined merely by look¬ 
ing at the control settii^. 



The control knob need not have 
Just four distinct settings. It 
may turn over a whole range 
of values. In the operation of 
an electric fan, it may not be 
necessary to have more than 
three speeds, but often speed 
must be changed gradually 
over a range of values. In 
such cases, the control <iiai 
may be calibrated to read any 
value of speed. 
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These physical quantities 
Increase as speed In¬ 
creases, and decrease as 
speed decreases. When 
it has been determined 
exactly what value of speed 
corresponds to each value 
of the physical property, 
the scale measuring the 
property can be made to 
read in units of speed. 
This process of deter¬ 
mining scale values 
is called calibration. 


Then, by 
independent 
experiment, 

Suppose we had a pressure ^ found We coiild change the scale 
gauge with a scale as shown. following to read in miles per hour. 

correspondence: 


calibrating 
a scale 





- - - = 8.5 m.p.h. 

• • • = 7.5 m.p.h. 

• • • = 6.5 m.p.h. 

• • • = 5.5 m.p.h. 

• • • = 4.5 m.p.h. 

• • • = 3.5 m.p.h. 


smo 

(m.p.h.) 


H-9 



— 5 

>- 

— 4 


> 


Now the scale is calibrated to read 
in m.p.h., whereas previously it had 
been calibrated to read in p.s.i. 


note 


In the clocking method, before finding speed 
we found displacement. Then we used the 
measured displacement to calculate speed. 
In the speed sensitive device, speed is 
measured directly. We need not find dis¬ 
placement in order to calculate speed. 
Therefore, we can know the speed without 


knowing the displacement. In order to find 
displacement when using a speed sensitive 
device, we must make an independent mea- 
surement. In the clocking method, 
displacement is a natural ou^ut, and no 
such independent measurement is necessary. 




When a method such as this 
is used to control speed, it is 
usually unnecessary to mea¬ 
sure speed in any other way, 
sine.} the speed can be read 
directly from the control. 


nit 

TURNS 

MEDIUM 


FftN 

TURNS 

SLOW 


NOTE: 

There are some specialized methods 
for measuring speed other than the 
three discussed here. One is by the 
Doppler effect which depends upon the 
fact that the frequency of waves changes 
with the relative velocities of the trans¬ 
mitting and receiving objects. The 
Doppler principle is used in aircraft 
navigation. Similar specialized 
methods are used in astronomy, but 
generally speed measurement will be 
confined to the three methods con¬ 
sidered in this section. 


For purposes of simplicity, 
the following symbol 
will be used to represent 
direct measurement of 
the speed of an object. 
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MEASURING SPEED 


The direct way of measuring speed required that there 
be contact between the speeding object and the observer. 
The Indirect way is a means of avoiding this restriction. 
In fire control it is important to be able to measure 
rates indirectly, since direct contact with the target is 
usually impossible. When measuring speed indirectly, 
the speed of one object is used to determine the speed 
of another. A duplicate of the unavailable object is 
created, and the speed of the duplicate is measured. 
The duplicate must be an object whose speed can be 
measured directly. Thus, for indirect measurement, 
two requirements must be met. 


1. CREATE A DUPLICATE 
OF A SPEEDING OBJECT. 

STEP 1. 


2. MEASURE THE SPEED 
OF THE DUPUCATE. 

STEP 2. 


a 


SPEEDING OBJECT 


duplicating speed (following) 

Example FINDING THE SPEED OF AN AIRCRAFT 

observer in aircraft B •■•••••••»•»« FOUOWS.. aircraft 

A 

WHOSE 

SPEED 

CANNOT 

BE 


DIRECTIY 

OBSERVED 



SPEED OF B DIFFERS FROM A 


‘=)v 

DUPLICATE 


SPEED OF 
DUPLICATE 
MEASURED 




duplicating tangential speed (rotation) 

Example A BOLLER WANTS TO KNOW THE SPEED 

OF WATER IN HIS STREAM 

.unable to leave the mill 

he cannot clock an object in water 
or find water speed 
by immersing a pressure gauge or 
other speed sensitive device 

an indirect way must be used 
to measure speed 

an available duplicate 
is the water wheel 


he can calibrate his 

direct measuring device 

to read directly in water speed 


the wheel shaft which extends 
into the mill, allows him 
to use direct measurement 
to find speed of the wheel 
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INDIRECTLY 


B ADJUSTS SPEED.TO EQUAL .SPEED OF A 

THEN 


READS AIRSPEED INDICATOR. FINDING .SPEED 



^disianol 

I CONSTANT 


SPEED OF AN AUTOMOBILE CAN BE MEASURED 
IN THE SAME MANNER 


OBSERVER 
READS HIS 
SPEEDOMETER 


OTHER CAR 
■ SPEED 


fINDING 


r. ■Vll EQUALS [{-e-40 4 
B NOW ■DUPLICATES" A 


DISTANCE 

CONSTANT 



Note that the speed given by this means 
of measurement Is always perpendicu¬ 
lar to the radius of the wheel, that is, 
tangential. Even if the object is moving 
in another direction only the tangential 
component will be measured. 



DUPLICATION CAN EXTEND TO OTHER COMPONENTS OF MOTION 



Previous Examples Showed; 

Oet plane and car) duplication of linear speed of object 
(water wheel) duplication of tangential component of speed 



COMPONENT 
OF SPEED 
GIVEN BY 
RANGE 



duplicating radial speed (rangefinder) 

Example THE RANGE OF AN ENElhfY SHIP 
IS BEING CONTINUOUSLY MEASURED 
AND SUPPLIED TO A SHAFT 


RANGE FINDER 
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RATE MEASUREMENT prlltclpl—. 


MEASURING SPEED INDIRECTLY 


DIRECT CLOCKINO REQUIRES MEASUREMENT 
OF DISPLACEMENT OF THE OBJECT. 

INDIRECT CLOCKING IS ACCOMPLISHED BY 
MEASURING THE DISPLACEMENT OF A DUPUCATE 
PROPC«TIONAL TO 
THE DISPLACEMENT OF THE OBJECT. 


INDIRECT CLOCKING 

For instance, in fire cootrol, althou^ we cannot meas¬ 
ure the actual displacement of the target by means ctf a 
yardstick or tape, we can use the change In position of 
a point of ll^t on a radar or sonar screen to determine 
the speed ctf the target. The only Information we need 
Is the relationship between actual distances and the 
distances shown on the screen. 


As in the case of direct measurement 

DISPLACEMENT CAN BE PLOTTED AGAINST TIME. 
SPEED IS DETERMINED BY THE SLOPE OF THE CURVE. 


INDIRECT SPEED SENSITIVE DEVICE 


Any method of measuring the speed of an object by 
using a speed sensitive device to measure the speed of 
the duplicate falls in this category. Ibe two basic 
types ctf reinroductlon (linear and angular) both need 
only a speedometer to make them complete systems. 



TO MEASURE SPEED OF A TARGET 
whose speed cannot be measured directly 

CLOCKING OR FOLLOWING 
TAKE TOO LONG 

FASTER METHOD IS TO 


INDIRECT CALIBRATED SPEED CONTROL 


The Indirect calibrated speed cootrol Is similar 
to its corresponding direct method except that, 

IN THIS CASE, 

THE DUPUCATE (NOT THE OBJECT ITSELF) IS CONTROLLED ... As an ezanyile, consider the telescope used 

for tracking with a speed sensitive device, 
bn that case, the telescope was turned by hand. 

Now let us assume that the telesccgte Is driven by 
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SCOPE 

DISTANCE 





KEEP THE TARGET CENTERED IN THE TELESCOPE. 



TELESCOPE. 


SIGHT THE 
TARGET 
THROUGH 
A TELESCOPE 



EQUAL TO 
TARGET speed/range 


FOR CONSTANT RANGE 
A SPEED SENSITIVE DEVICE • 
AHACHED TO THE TELESCOPE 
SHAFT CAN BE CALIBRATED SO 
•THE SCALE INDICATES 
TARGET SPEED. 

* Similar to the water wheel 
ahaft tpeed meaeurinf device 
thown on preceding pagea. 


Of course this is an 
extreme simplifies- 
tl(m, and factors such 
as changing range and 
course are ignored. 
Basically, however, 
this diq>licate system 
is still the predomi¬ 
nant one used to find 
target speeds. 



ol prinoiplws 



THE SPEED READING ON 
THE CONTROL GIVES THE 
SPEED OF THE DUPLICATE. 
V/HICH, IN TURN EQUALS 
THE SPEED OF THE OBJEO. 
THE CONTROL DIAL MAY BE 
CALIBRATED TO READ DIREaiY 
IN SPEED OF OBJEa. 


The operator adjusts the an- ^ 


gular speed of the telescope 
by turning the contrtd knob. 


The three basic methods 
ai measurii^ speed are: 

1. CLOCKING 

2. SPEED SENSITIVE DEVICE 

3. CALIBRATED SPEED CONTROL 

These methods can be applied directly 
or indirectly. When they are applied 
directly, they require direct contact 
between the object and the observer. 
When applied indirectly, they are 
attached to a device which is moving 
at a speed proportional to the speed 
of the distant objoct. 
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RATE MEASUREMENT 


principles applied to 



In each situation where speed measuring devices are 
used, the following four factors must be considered: 

COMPONENT TO BE MEASURED 
DIRECT OR INDIRECT MEASUREMENT 
TYPE OF DUPUCATION 
MEASUREMENT OF DUPLICATE 

component to be measured 

Do we want to measure the linear target speed, or a 
component such as the tangential velocity or rai^e rate? 

If one component is needed and another is easily mea¬ 
sured, it may be possible to measure the easier rate 
and convert to the desired one by independent means. 


, TARGCT 


•#v 


TARGn* 








/• 


OWN SHIP 


>c- 




OWN SHIP 


y 

y BEARING RATE 



direct or indirect 
measurement 


Direct measurement is usually preferable to 
Indirect measurement. Can we measure the 
rate directly? This will not be possible unless 
the observer is located on the object itself, 
orthe object is adevice such as atuming shaft. 


type of duplication 

If an indirect method is used, what will be the best way to duplicate target motion? 



SPEEDING OBJEa 


6 L^__) 

DUPLICATE 

LINEAR TRACKING 

(following object with duplicate) 


FIGURE ABOVE 

GIVES RESULTANT TARGET VELOCITY. 
BUT IS DIFFICULT TO PERFORM 



ROTATIONAL TRACKING 

(revolving the duplicate to 
correspond with object position) 


FIGURE ABOVE 
GIVES BEARING RATE 





(using independent instrument 
to find position of object) 
FIGURE ABOVE 
GIVES RANGE RATE 


measurement of duplicate 

Once we have the object or a proper 
duplicate, what method will we use for 
speed measurement? 

a. CLOCKING 

b. SPEED SENSITIVE DEVICE 

c. CALIBRATED SPEED CONTROL 


The method used depends upon prevailing 
conditions. The calibrated speed control 
is most important Innaval fire control and, 
because of several unusual properties, will 
be considered further in detail. The other 
methods are largely self explanatory, and 
will be considered only briefly. 


When the above four fimtors have been considered 
and the appropriate method selected, the outline 
of the system is complete. The specific equipment 
needed for each system remains to be discussed. 
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used In systems 


CLOCKING DEVICES 

The clocking method requires that there be 
A MEASURE OF DISPLACEMENT 

A MEASURE OF TIME 
and 

A WAY OF DIVIDING DISPLACEMENT BY TIME 

It has been previously mentioned that 
a graph may be drawn of displacement vs time. 

The slope of that graph is the division DISPLACEMENT/TIME at any instant. 
It represents an Instantaneous velocity. 

A device which performs this operation is 
A GRAPHICAL RANGEKEEPER 



THE PROTRACTOR 
can slide on 
the range scale 


is driven ot 
constant speed 
by a motor 
a constant distance 
with respect to time 
such o motor is called a TIME MOTOR 
the input which it gives to the system 
is A TIME INPUT 


RANGE 


when the 

is tangent to 
CURVE formed by 
the dots, the protroctor 
will indicote the 


SLOPE IS 
PROPORTIONAL 
TO RANGE RATE 


INFORAAATION 
is 


from the rangefinder 


calibrated 
to read in 
range rote 


SPEED SENSITIVE DEVICES 


Most speedometers are speed sensitive devices. 
The most common Is 
THE ELECTRICAL GENERATOR 


The requirement for a speed sensitive device 
is that it have an output of a physical property 
proportional to speed. This physical property 
In an electrical generator Is its voltage. 



The Input shaft speed determines the speed 
with which the armature 
windings cut the flux 


The &8ter the speed, A VOLTMETER 

the more voltage can be calibrated 

is generated to read directly in shaft r.p.m. 


other 

speed sensitive devices 


59 


other speed sensitive devices are aircraft air speed indicatorswhich 
respond to the dynamic and static pressure of the air; governors, 
whbse weights swing outward in response to increasing shaft speed, 
and types of gyroscopes which exert forces proportional to their 
speed. Applying the principle of a physical quantity proportional 
to speed, the student will be able to think of many such devices. 
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MEASURING SPEED INDIRECTLY 


CALIBRATED SPEED CONTROL DEVICES 


The two requlrementa for the calibrated speed control: 

ft must be able to control the power supplied to the ft must be capable dL measuring the speed of the 

object 80 that the speed of the (A>ject will be changed object by the reading on the ccmtrol dial, 

by turning the control knob. 


calibrated electrical speed control 


An electric motor with a potentiometer control 
which will supply a varying amount of power will 
meet the requirements. 


- _ MAXIM UM 



MOTOR 


calibrated mechanical speed control 


Ibe power Input to the mechanical 
speed control is a shaft turning at con¬ 
stant speed. The output Is a shaft 
whose speed varies according to the 
setting of the control. 


Consider (me of a pair of beveled gears as an 
Input, and the other gear as an output. Notice 
what hajvens when the size of the constant 
speed liqnit gear Is changed, while the output 
gear remains at the same size. 


The speed control works <m the prin¬ 
ciple of a constantly varying gear 
ratio. When the gear is changed, the 
speed of the output (diai^s. 


RATIO = 1:3 RATIO = 1:2 RATIO = 1:1 

SPEED OF B = 3 X A SPEED OF B = 2 x A SPEED OF B = A 



Ibe above gear ratio (uumot be 
changed except by the clumsy 
device dL changing gears. Even 
then, only three distinct output 
speeds are obtained. In order to 
vary the gear ratio continuously, 
the separate sets of gears can be 
replaced with a wheel rolling cm 
a rotating disk. 



The disk 
corresponds to 
the constant speed liqmt gear. 


note 

When wheel passes center of disk, 
Its dlrectlcm of rotation is reversed. 


Ihe wheel 
corresponds to 

the variable speed ou^nit gear. 
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THIS FUNCTION CAN BE ACCOMPLISHED ELECTRICALLY AND MECHANICALLY 


The potentiometer control will give low motor 
speed when It is near Its zero positlcm, and hi^ 
motor speed when turned to Its maximum posi¬ 
tion. H can be varied throu^ the whole range 
of values between. 


The on the potentiometer may be calibrated to 
read directly In motor speed. The correct speed 
for each dial setting may be found through Independ¬ 
ent e3q;>erlment with other speed measuring devices, 
or by calculating the exact electrical relatlimships 
between the parts. 


When the wheel moves toward the center of the 
disk, the gear ratio decreases, and the wheel 
turns slower. When It moves out toward the 
edge, the gear ratio increases, and the wheel 
turns faster. We now have the essential ele¬ 
ments of a speed control device. 


RATIO = 1:3 RATIO = 1:2 RATIO = 1:1 

SPEED OF B = 3 X A SPEED OF 8 = 2 x A SPEED OF B = A 



VARIABLE 



POWER 


Inward and outward movement of the vheel changes 
the speed d the wheel output. 


The movement can be measured and calibrated. 


Control Knob Varies Speed Output 
Moves Wheel Inward and Outward 



# 

CONSTANT SPEED 
INPUT 
TO DISK 

The mechanical speed control Is an important and 
versatile device used extensively in computers. It 
will be worthwhile to investigate its properties further. 
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mechanical calibrated speed control 


DISK AND WHEEL 


HERE IS ONE WAY 

TO CONSTRUCT THE VARIABLE GEAR RATIO 

The presence of spur gear A permits the operator to 
move the wheel back and forth across the face of the 
disk, taking the output from gear B. Rotation of gear B 
is equal to that of gear A, but gear B does not move 
laterally across the disk. It is more convenient for 
instrumentation and connection to other mechanisms to 
take an output from a shaft which is stationary along 
its axis, such as that of gear B, rather than one which 
is moved axially, such as that of gear A. 



BALL AND ROLLER 


Instead of a wheel moving across 
the &ce of the disk 
we may use 
A ROLLER 


AND TWO BALLS 



THE BALLS MOVE WITH LESS FRICTION 
THAN THE WHEEL 
WHICH 

SUDES ON THE DISK 


SCHEMATIC OF 

MECHANICAL SPEED CHANGER 


Consider the speed control now as part of a computer. In a typical computer, 
the values are carried from one mechanism to another by means of shafts. Each 
shaft has a value corresponding to its position. For Instance, the differential 
adds because the angular position of the output shaft equals the sum of the angular 
positions of the input shafts. If all computer shafts had dials, these values could 
be read. Therefore, the value which the shaft carries in the computer depends 
only upon the position of the shaft. 

Similarly, when considered as part of a computer, the speed control shafts have 
values corresponding to their positions. When used In the indirect method, the 
output shaft of the speed control is a duplicate of the target. Its position and 
speed are proportional to target displacement and bearing rate, respectively. 
In a computer, however, only shaft position is Important. Therefore, this 
output shaft is considered to give the displacement of the target. The speed control 
knob has a position corresponding to target bearing rate. The dial may be 
calibrated to read in terms of this rate. Since the value which a shaft has in a 
computer corresponds to its position, the output shaft represents displacement, and 
the rate control knob represents rate. 
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A SPEED CONTROL, CONSTRUCTED 
IN THIS WAT, IS IN ACTUAL USE 





A BALL AND ROLLER TYPE 
SPEED CONTROL 
(with the (roller) plate lifted) 



INACCURATE 

AREA 



note 

As the disk turns, with the balls in their zero 
position in the center of the disk, a small de> 
presslon will eventually be worn in the disk by 
the pressure of the balls. Therefore, Inaccurate 
readings will result in an area around the center 
of the disk. The computer should be designed 
so that significant outputs are not talmn from 
this section of the disk. 



CONSTANT SPEED 
its position 
changes with time 


The speed chai^;er is symbolized below 



The time input is the constant speed power input. 
The shaft, since it is rotating at constant speed, 
can be considered as a time motor, just as 
the constant speed motor moving the graphical 
rangekeeper represented time. 
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mathematical 


MATHEMATICAL REPRESENTATION 


The mathematical principles related to speed The e3q>re8Sion reads: speed equals the derivative of displace^ 
measurement are the same as the mathematical ment with respect to time. This is the process of differentiation, 
principles related to speed. Any mechanism which measures speed, then, in a sense, can be 

called a differentiator, but particularly those devices which use 
As we have seen, it is possible to understand displacement and time in order to determine speed, 

the basic function of speed measurement without 
using detailed mathematics. However, a few 
mathematical principles are important In order 
to fully understand the devices covered. 

^ed is a rate, and the mathematics which deals e 

with rates is calculus. The specific relationship E 

between speed, displacement and time is S 

■q. 

^ Is displacement 2 

8 s ^ 8 s speed 

t s time 

where sis the instantaneous speed at anytime(t). Time 



MATHEMATICAL REPRESENTATION 


bi calculus, the reverse of the process (d differ¬ 
entiation is integration. Using our properties of 
distance, rate, and time, integration may be 
expressed by 

1 = /sdt 

which states that displacement equals the integral 
irf speed with respect to time. 



a mechanicai integrator 

Now, notice the schematic of the calibrated 
speed control. Although it is principally used to 
determine speed, it also has an output of dis¬ 
placement. This output may be measured by a 
dial or counter. H it is considered to be the 
principal output, we could say that this device 
performs the integration. 

1= /sdt 

where s and t are inputs, and 1 is the output. 
Ulus, the speed control is called an integrator, 
because it can be used for integration, althou^^ 
its primary use is to measure speed. 



JDigitized by 


Google 


64 





analysis 


I 


a mechanical differentiator 

One device which uses displacement and time to 
determine speed is the graphical rangekeeper. 
ft can be used to find the derivative irf any func¬ 
tion of the form 


X s 



where y is substituted for range, z is substituted 
for constant speed, time motor input, and x is 
the slope of the curve, equivalent to range rate. 



Graphical Rangekeeper at A DIFFERENTIATOR 


OF DISPLACEMENT 


GENERAL INTECHIATION 


A PARTICULAR PROBLEM 



Just as the graphical rangekeeper used as a 
differentiator can find any derivative of the form 


X 


dz 


The speed control used as an integrator can find 
any integral the form 

y s /xdz 

where y is substituted for displacement 
X is substituted for speed 
z is substituted for time motor input. 


Suppose it is required to mechanize the follow¬ 
ing integration: 


B = /A*dA 

ft a’ is substituted for speed input, and A Is sub¬ 
stituted for time input, then B will be the output 
which was formerly displacement, and the sche¬ 
matic would look as follows: 



Therefore, the speed controller can 
be considered as an integrator. 
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SPECIAL USES OF INTEGRATORS 


uniform positive output 

Li previous cases, the ou^t shaft of the speed 
chai^er could turn in either direction. 


In certain instances, the ii^nit mlg^t always be 
positive. We would then want the output to be 
positive all the time. A ccmstant positive value 
may be added to the output. When the output is 
at its maximum negative position, the constant 
positive value balances this negative value, and 
their sum is zero. As the output becomes less 
negative, the sum will increase from zero, 
always remaining positive. 


roller reverses 
direction os bolls 
move from 
one end of disk 
to the other. 



bolls moving 
here ~ M 
turn roller in 
one direction 


bolls moving 

— here 


turn roller in 
opposite direction' 



sum of two values 
is always in 
one direction 


output shoft 


to +2 


equal to 
maximum negotive value 
of output 


measurement of acceleration 

The Integrator has been shown to measure speed, tt can 
also be used to measure acceleration. Acceleration is 
measured by the use of two integrators. 



PROBLEMS 


1. Name three built-in devices which can measure the 
speed of an object, and show what characteristic ol these 
devices enables us to measure speed; e.g., generator — 
output voltage proportional to speed. 

2. Draw a schematic of a computer to solve the problem: 

E = A/B + /Cdt + 5 - KA 

inputs: A 
B 
C 
D 

dt - time input as si^iplied by a constant 
speed motor 
K s constant 

3. How would it be possible to find the speed of an auto¬ 
mobile by means of a calibrated input? 

(Assume direct contact with the automobile is possible, 
and that you are the driver.) 
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CHAPTER 2 BASIC MECHANISMS OF COMPUTERS 


SECTION 


INTRODUCTION 

Previous lessons covered 
the various mechanisms that 
are employed in computers. 
There are additional aux¬ 
iliary devices which, while 
they perform functions that 
are not directly involved in 
computations, play impor¬ 
tant and sometimes essential 
roles in the operation of a 
computer. While emphasis 
will be placed on devices 
used in mechanical comput¬ 
ers, many of them have 
counterparts in electrical 
computers and are found in 
other equipment as well. 


AUXILIARY DEVICES 


used in computers 


Among the auxiliary devices commonly found in mechanical computers, are 
the following, formed into related groups: 


^ LIMIT STOPS AND SWITCHES 
} COUPLINGS AND UNIVERSAL JOINTS 
^ CLUTCHES 
^ FRICTION DEVICES 
^ INTERMITTENT DRIVES 
^ ADJUSTMENT DEVICES 
^ LOST MOTION TAKE-UP DEVICES 
^ DETENTS 

j REGULATING DEVICES 



PURPOSE 

Each item in a specific grotq) has a particular 
purpose and function. For example, an inter¬ 
mittent drive is used to disconnect the input in 
a computer when the iiq)ut is not within the range 
of operation. A limit stop may control either 
the maximum forward movement of a carriage 
or the maximum rotation of a shaft. A friction 
relief drive will prevent a gear from being 
overloaded and protect it and associated parts 
from damage. The take-iq} spring may be used 
to keep gear teeth in close mesh, thereby saving 
lost motion and improving accuracy. Each 
auxiliary may do a similar job in the operation 
of other equipment. 

The devices mentioned here do not comprise a 
complete list of the auxiliary components. Ser¬ 
vos, synchros, and data presentation devices are 
covered in other lessons, with the detailed 
treatment they necessitate. 
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AUXILIARY DEVICES 


LIMIT STOPS AND SWITCHES 


the limit stop 

A limit stop is a device for preventing movement of a machine 
part beyond a set limit or limiting movement within a set of limits. 


SIMPLE LIMIT STOP 

By using two blocks as fixed stops and pinning 
a third block to a shaft, shaft travel would be 
limited to movement between the two stops, 

like this: 



TRAVELING NUT LIMIT STOP 


This type of limit stop is used where more than one shaft 
revolution is involved. A gear, driven by the mechanism 
it is to control, is mounted on the end of a threaded shaft. 
A traveling nut riding the shaft is prevented from rotating 
by a guide rod. Shaft rotation causes the nut to move 
back and forth, direction of nut travel depending tqpon 
shaft rotation. 

A pair of adjusting nuts, one on each side of the traveling 
nut, are secured to the shaft in the desired positions by 



set screws or clamps. When astc^ of the traveling nut 
strikes the stop of an adjusting nut the shaft is prevented 
from further rotation since this is the extreme limit of 
travel in that direction. 



The span between adjusting nuts may be set to provide the 
exact number of shaft revolutions desired. Changing gear 
ratios would also do this, having the effect of shortening 
or lengthening the run between limit stc^s as compared 
to machine operation. 
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ADJUSTABLE STOP 


A series of holes In a plate or in rim of a gear would 
permit the stop blocks or stop pins to be changed at 
will to provide a specified degree of shaft rotation. 



MOVE STOPS 
TO PROPER 
HOLES FOR 
OTHER DESIRED 
DEGREE OF 
SHAFT TRAVEL 



We could add a refinement by putting adjusting screws 
In the stop blocks. Such screws could be set and 
locked in place to provide travel within finer limits, 
or used to set the range slightly one way or the other. 



LIMIT SWITCHES 


The electric switch is a familiar item to us. We know that 
it is a type of mechanism used to turn electric power on 
and off, or to switch electric current from one circuit to 
another. It would be a simple matter to fasten a couple of 
contactor arms to the traveling nut of a limit stop unit and 
to mount a pair of on-off electric switches to be actuated 
when contacted by the blades. The electric switches could 
be set to control the operation of the mechanism between 
the prescribed limits, and the mechanical stops set some¬ 
what beyond them. Normal operation would be within the 
limits of the electric switches. In the event of a defective 
switch, short circuit, or other reasons which would allow 
the mechanism to run beyond the electric switch limits, 
the mechanical stops would be brought into play as a 
safety or protective feature. 
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AUXILIARY DEVICES 


COUPLINGS AND UNIVERSAL JOINTS 


couplings 

The broad term "coupling" applies to any device that 
secures two parts together. Line shafts made up of 
several lengths of shafting may be held together by shaft 
couplings. There are several types of shaft couplings. 
We will check on a few of those commonly encountered. 

PLAIN SLEEVE COUPLING 

The plain coupling consists of a sleeve which receives 
the ends of the two shafts it is to Join, and is secured by 
set screws or pins so the assembly can turn as one. 


SET SCREW 



CLAMP TYPE 
SLEEVE COUPLING 


Used to join two closely aligned shafts. It also offers an adjustment In shaft relationship. 
This coupling consists of a sleeve, the ends of which are slit so clamps can be applied to 
hold the two shafts flrmly together In the sleeve and turn as one. 



CLAMP 



COUNTERBALANCE 


SCREW 


FLANGE COUPLING 

The flange coupling finds use on shafts which tend to be 
pitlled apart in operation. A pair of flanges, secured to 
the ends of the shafts by set screws, are pulled tc^ether 
by bolts and nuts. Splines or keys are resorted to In the 
case of heavy duty drives. 



universal Joints 


A universal joint is a shaft coupling which allows shaft move* 
ment In any direction within a limited angle and conveys a 
positive motion to the driven shaft. Many universal joints 
will function with shafts up to 45 degrees out of alignment. 



PINS 
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OLDHAM COUPLING 


The Important feature of the Oldham cou¬ 
pling is that it can be readily connected or 
disconnected. It is used to join shafts that 
do not require perfect alignment. Because 
of its spring loading it also finds use as an 
expansion joint in long shafts. The Oldham 
coupling consists of a pair of disks, one 
flat and the other hollow, pinned to the ends 
of the shafts. A third disk, with a pair of 
lugs projecting from each fime, fits be¬ 
tween the two shaft disks. The lugs fit 
into slots of the two end disks, and enable 
one shaft to drive through the disks to 
the other shaft. 




HOLLOW LOCK 
END DISK WIRE 


EXPLODED VIEW OF OLDHAM COUPLING 


A helical spring, boused within the center and hollow end disks, forces 
the center disk against the flat disk. With the coupling assembled on the 
shaft ends, a flat lock spring is slipped into the space about the helical 
spring. The ends of this flat spring are formed so that when it is pushed 
into place the ends spring out and lock about the lugs. A lock wire is 
passed between boles drilled through the projecting lugs to guard the 
assembly. It is a simple matter to remove the lock wire, withdraw the 
lock spring, compress the helical spring by pushing and sliding back the 
center disk, and disconnecting the shafts. Reinstallation requires no 
measuring or setting as the assembly fitsquickly and smoothlyinto (dace. 



OLDHAM COUPLING ASSEMBLED 


CROSS PIN UNIVERSAL JOINT 

The universal joint is widely used although the joint 
changes velocity of the driven shaft with two high points 
and two low points each complete revolution. This 
fluctuating velocity induces similar torque variance, 
causing vibration and wear throughout the associated 
mechanism. Because of the two pins, one shaft can 
drive another even though the angle between the two 
is as great as 25 degrees. 



CONSTANT VELOCITY UNIVERSAL JOINT 

A new development in universal joint design provides 
smooth torque even at unbalanced angles, resulting from 
ball bearings applying power in a plane that bisects both 
shaft axes. The torque developed is shown in the graph. 
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AUXILIARY DEVICES 


CLUTCHES 


A motor often drives more than one line of shafting, and 
situations arise In which one or another of the lines must 
he stopped without stopping the other lines. A simple 


PRESSED 

TOGETHER 


solution would be to have a severed shaft. To drive, the 
ends would have to be pressed together so that frictional 
force would enable the shafts to rotate together. 

However, since the surface area of the two ends Is small, 
the torque transmitted is also relatively small. Torque 
is a function of: (1) the force with which the butting ends 
are held together, (2) the surface area, and (3) the func¬ 
tion characteristics of the material Involved. 



DRIVER DRIVEN 


(ACTIVE) (INACTIVE) 


DISKDRIVE 

^ attaching disks to the shaft ends, the surface contact creases can be brought about by using a material with a 
area is increased, thus Increasing torque. Further in- high coeHicient of friction on the contacting surfaces. 


MUST BE HELD 

DISKS TO TIGHTLY TOGETHER 

PROVIDE AREA TO DRIVE 



Such disks require they be thrust firmly together to drive 
without slipping. Pinning a key to one shaft and slotting 
its disk to permit it to slide longitudinally on shaft and 
key would provide a quick means of engagement or dis¬ 
engagement. By using a simple lever (refined perhaps by 
adding a roller and spring to hold the disk under tension 
In the selected position), the sliding disk could be moved 
to disengage it or be forced into good driving contact with 
the other disk. Each line of shafting so equiji^ed could be 
engaged or disengaged as desired, without interfering with 
the other lines. This type of clutch may be used at very 
high speeds, although It is subject to slippage. 


FRICTIDN FACINGS 
FOR HIGHER COEFFICIENT 
AND BETTER DRIVE 




TONGUE AND GROOVE TYPE 


Another clutch of simple design, used to a great extent In 
small equipments, is the so-called tongue and groove 
clutch. Its simplest form involves cutting a slotor groove 
in the end of one shaft and cutting away the end of the other 
shaft to provide a mating or infitting tongue. Since this 
would weaken the shaft ends, a machine or die cast 
assembly is pinned to the shaft ends, like this: 

If a groove is cut in one of the sections so a yoke or fork 
can be used to move it in or out of engagement, a simple 
positive-acting clutch is had. The connection is a positive, 
or locking, one that can be relied upon for accuracy since 
there is no slippage. A major disadvantage is engagement 
at other than low speeds. At medium speeds engagement 



would not be immediate or smooth, while at high speeds 
connection may t>e impossible. The tongue and groove 
assembly is also used as a coiq)ling, since it offers an 
easy means of removing shaft sections. By leaving a 
slight space between the two engaged sections, conq>ensa- 
tion for shaft esqpansion is had. 


TOOTHED JAW CLUTCH 


With toothed or serrated jaws, engagement can be achiev¬ 
ed rapidly without exact shaft position alignment, at high 
speed, and with heavy loads. S is a locking type of clutch 
permitting no slijqpage. Revolutions of the output side will 
equal those on the liq)ut side. Some means are needed to 
control jaw movement for ei^agement or disengagement 
and, when coupled, exert force necessary to keep the jaws 
together. A simple toothed jaw clutch would look some¬ 
thing like this: 



DISENGAGED DRIVING 

By keeping one jaw slidable on the shaft and providing 
a yoke, we would have a manually controlled mechanical 
means of engaging or disengaging the clutch. 
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THE SOLENOID CLUTCH 


TOOTHED JAWS 

r\ 




OUTPUT 

GEAR 

IDLE 


SPRING 


The solenoid offers the electrical means of connecting or 
disconnecting a drive. The solenoid clutch is comprised 
of two cylindrical jaws with serrated mating edges within 
a solenoid coil. One jaw is secured to the ii9>ut drive 
shaft and revolves with it. The other jaw is mounted on a 
hub and made so it is slidable longitudinally on the shaft, 
moving on a key or in a slotted section. 




CUTAWAY VIEW OF SOLENOID CLUTCH 


A spring (or springs) keeps the jaws apart and out of en> 
gagement when the solenoid is not energised. Energising 
the solenoid magnetises both jaws, and the slidable 
ou^t jaw is pulled into contact with the ii^ut jaw. As 
long as electric current is siqppUed to the solenoid, the 
magnetic field is maintained and the jaws are held in 
engagement. Power is transmitted through the clutch to 
the ou^t shaft without slippage. When electric current 
is turned off, the magnetic field ceases and the springs 
withdraw the sliding jaw. With application or cessation 
of electric current, jaw reaction is almost instantaneous. 
This rapid, certain clutch connect or disconnect action 
makes the solenoid clutch a favored means of control in 
high-speed equipment. 



THE SOLENOID LOCK 


A solenoid lock works like the solenoid clutch, except one 
jaw is pinned to the housing. The other jaw is sUdeably 
keyed to the hub of the iiq)ut gear, free to turn as long as 
the solenoid coil remains deenergized. The gear is the 
iiqmt in this assembly. 

Energizing the coil draws the slidli^ jaw along the gear 
hub, lockii^ it to the pinned jaw and preventing any fur¬ 
ther motion of the input gear or its associated parts. 
This device is used where a quick-acting lock is required 
to stop the equipment and bold it immobile as long as 
current is applied to the coil. 

The solenoid lock is often used in conjunction with a 
solenoid clutch. When the clutch disengages, the solenoid 
lock is brought into play (by means of electric switching 
circuitry) locking that part of the mechanical equ^iment 
In its exact disengaged position. 
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AUXILIARY DEVICES 


FRICTION DEVICES 


SAFETY FRICTION DRIVE 


When it is desirable to provide a driving means that 
Incorporates a safety feature, the safety friction drive 
may be used. 

The mechanism drive shaft is secured to the drive shell. 
Inside the shell is a friction disk (or disks), and a coil 
spring, spaced between pressure disks, which provides 
the required thrust against the friction disks. An ad¬ 
justable sleeve, placed on the power source drive shaft, 


is secured by set screws or a clamp. By moving the 
sleeve or clamp, the spring pressure can be adjusted 
for greater or lesser loads. 

Drives are adjusted to carry the load, plus a slight 
overload, without slippage. When the load increases 
beyond this point, it overcomes the friction, and the 
drive will slip, thus preventing damage to the gearing 
or mechanism in that particular unit. 



COIL SPRING 


BUSHING 


'DRIVE 

SHELL 


ADJUSTMENT 
SLEEVE 


SHAFT 
(POWER SOURCE) 


FRICTION 

DISKS 


PRESSURE 

DISKS 


SHAFT 
OF UNIT TO 
BE DRIVEN 


SAFETY FRICTION DRIVE 


FRICTION RELIEF DEVICE 

The function of the friction relief device is to prevent 
shock and undue strain on gearing, shafting, and mech¬ 
anisms. For example, where a sudden stop is produced 
by a limit stop, or a reversal of shaft rotation takes 
place, the friction relief would slip and prevent damage. 
Under normal load it might be said to be inert, for it 
remains inactive, carrying the load without slippage. 
When overloading occurs, it slips untU the load is 
returned to normal. 


SIMPLE FRICTION REUEF TYPE 

A simple unit, suitable for very light work, may consist 
of a flanged hub pinned to the end of a shaft. A gear, 
rotatable on a screw, bears against a cup spring which 
in turn bears against the flange. Manipulation of the 
screw adjusts the cup spring tension. By turning this 
screw Just a trifle more beyond the point when friction 
is sufficient to carry the normal load, a friction safety 
relief is had. Slippage will occur if an increase above 
normal load takes place. 
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ANOTHER FRICTION RELIEF DEVICE 

This type is suitable for heavier duties. It is comprised 
of a flanged bub secured on a shaft by means of pins or 
set screws. A cap, pierced with a series of holes to 
provide pockets for springs and drive pins, slips over the 
hub and is secured to it with set screws. A pair of friction 
disks, one on each side of the drive gear, is placed under 
pressure by moving the cap toward the flange. By moving 
the c^ to a new position on the hub, spring pressure can 
be adjusted. Adjustment is considered proper when the 
resistance offered by the friction disks against the flange 
gear faces permits the gear to drive at shaft speed with¬ 
out slipping at normal loads. If the load becomes abnormal, 
or if sudden stoppage occurs, the gear will slip between 
the friction disks, saving equipment from damage. 



FRICTION HOLDING AND FRICTION REUEF DEVICES 

The action of friction holding and friction relief devices 
depends upon friction initiated by a spring or some re¬ 
silient material upon a shaft, disk, bushing, flange, or 
some other Intermediary between the moving and the 
associated surface. 


SHAFT FRICTION HOLDING DEVICE 

The simplest form of a friction holding device is a pair of 
brackets with friction pads bearii^ directly on the shaft. 
Where greater friction surface is desired, a bushing is 
pinned to the shaft. By mounting the brackets on hinge pins 
and using an adjusting nut, the degree of pressure can be 
controlled, adjusted, and varied to suit the needs of the job. 
For example, if prevention of oscillation is desired, a light 
friction might be used for this damping process. Slightly 
more pressure might be used to give more bolding power 
when the shaft friction device is used to prevent mechanical 
feed back, which would change the shaft value. A holding 
friction is one that exerts a drag on a shaft so that a force 
greater than the drag on a shaft has to be used before 
the shaft can turn. 



Another shaft friction holding device used to prevent oscil¬ 
lations and shaft values from backing up is comprised of 
a bousing, bolted to some part of the equipment so it is 
held stationary, through which the shafting is run. By 
means of a spring exerting pressure on friction disks 
which "brake" against the bore of the bousing, a degree of 
friction is set up which must be overcome before the shaft 
can turn. The holding friction developed by the friction 
disks depends upon the force applied to them by a helical 
spring. Spring pressure can be adjusted by moving the 
collar to a new position. 



BUSHINGS 
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AUXILIARY DEVICES 


INTERMITTENT DRIVES 


An intermittent drive Isa mechanical arrangement which 
will automatically deliver power at definite intervals, or 
automatically and selectively engage or disengage mech¬ 
anisms having different limits of operation and being 
driven from the same line of gearing. A device enables 
the output shaft to be locked upon disengagement from the 
drive, and held immobile until picked up later at the very 
same position at which it was cut out. 


Intermittent drives have application in many mechanisms 
on computers, including multipliers, component solvers, 
and transmitters. Intermittent drives must be compact 
and accurate. Basic mechanisms conqtiislng an inter¬ 
mittent drive are relatively simple devices. They 
consist of an intermittent gear; spider and planetary 
gearing; and a lever, cam and clutch shift, all of which 
are contained within a housing. 


ELEMENTARY SHIFT 


The simplest form of intermittent drive would be a 
hand-operated assembly. For example, to disengage 
input or reengage at a desired point, we could utilize 


a slidably mounted broad- 
&ced gear between the input 
andou^ut gears. With gears 
in mesh, power would be 
delivered to the output shaft. 



Pushing on the shaft of this 
broad-faced gear would 
serve to disengage the drive. 


To lock the output in the 
particular position at dis¬ 
engagement, the shaft can 
be grasped with the hand, 
or locked with a clamp or 
wedge, in place of these 
crude methods, however, 
we can use a lever and cam 
assembly. Thus, power 
would be delivered to an 
output gear for a definite 
period, then stopped, and 
kept inactive for another 
definite period. The iiqnit 
would operate continuously. 
In certalnmechanicalequip¬ 
ment, such an assembly 
would be used to provide 
a regular rhythm of power 
application and idle time. 



If we put a spring on the 
shaft, removal of the pres¬ 
sure would allow the gear 
to slide back into driving 
position. 



INPUT 


THE CAM AND LEVER SHIFT 

A mechanism supplying a force which slides a lever arm 
in and out of position at certain points Is required to 
provide automatic engagement and disengagement. As 
the motion of a shaft is rotational, a device is required 
for the conversion of rotational motion to linear motion. 
An assembly comprising a grooved cam, cam follower, 
lever, and a fixed pivot will provide the proper action. 
The cam, made by cutting a continuous groove around its 
wide perimeter, is mounted on a shaft. The groove is 
formed so that it sweeps to one end of the cam face one- 
quarter of the way, then swings to of^oslte end the rest 
of the way. A pin, put into this groove, would be moved 
back and forth linearly while the cam rotates. If the pin 
is fixed to a lever arm which, in turn, is mounted on a 
pivot, the reciprocating movement can be utilized to move 
the output gear In and out of drive, like this: 



OUTPUT 


IN 

IDLE 

POSITION 


When the cam is rotated to the position that throws the 
gear out of engagement, oufout delivery will cease. In¬ 
put will continue unchanged. By use of proper gearing 
and gearing ratios, a simple intermittent drive can be 
designed for specific active and inactive deliveries. 
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INTERMITTENT GEAR 


THE INTERMITTENT DRIVE UNIT 


The Intermittent gear is the simplest and most compact 
means of obtaining a definite time of drive> an idle period, 
and, most important, an output locked in a fixed position 
upm disengagement from the drive. 

EVOLVING AN INTERMITTENT GEAR 

If 18 teeth are removed from 
a 20-tooth gear, with 2 teeth 
remaining intact for driving, 
the driving value would be 
reduced to 2/20, or 0.1, thus 
leaving an 0.9 Inactive value. 

A multUated gear of this 
sort would not mesh properly 
in service. 



TEETH t TEETH 

REMOVED RETAMEO 



MAKMt THE WCTOR 


An MTaminatirm of an Intermittent drive unit would reveal 
the presence of a cam and lever shift, Intermittent cam 
gear, spider and planetary reduction gearing, and of 
course, input and output shafts. A schematic sketch of 
the assembly may be presented this way: 


LEVER ARM 
CLUTCH 


SPIDER SHAFT 
{STATIONARY) 


SHIFT FOLLOWER 

SHIFT GEAR 

SPIDER DISK 

9 ^ OUTPUT 



SECTOR GEAR 


CAM GEAR 


To make an operable unit, a 
disk with the same periphery 
as the major diameter of the 
gear is required. Its edge 
is notched to permit entry 
of a tooth of the driven gear. 
The multUated gear and 
notched disk are fastened 
together to make a sector 
gear, like this: 

A gear with 8 teeth could be 
altered by cutting 4 alternate 
teeth down to one-half length. 
Such a driven gear, with 4 
long and 4 short teeth, would 
engage the sector driven 
gear like this; 


SECTOR WITH DISK 

2 TEETH WITH NOTCH 




ActuaUy the assembly, with the housing removed, would 
look like this: 



When these gears mate in 
transfer (active driving 
position), the 2 teeth on the 
sector engage and move 
one of the long teeth of the 
driven cam. The notch in 
the disk part of the sector 
allows this long tooth free 
passage and causes the 
sector gear to move one- 
quarter turn. 


DOTS WOICATE 
LONG TOOTH 



As the loi^ tooth leaves the 
notch, its lower peripheral 
edge, as weU as that on the 
next l(mgtooth,bear8agalnst 
the disk edge. The driven 
gear is thus locked in posi¬ 
tion by the 2 long teeth, the 
short tooth riding on the 
disk face. A machined inter¬ 
mittent gear assembly might 
look like this: 



OPERATION OF INTERMITTENT DRIVE 

The drive gear, pinned to the ii^nit shaft, drives the 

spider gear which, in turn, drives the shift gear. 

The disks and pinion gears on the spider shaft serve to 
reduce speed so that the 2-tooth sector gear wUl drive 
much more slowly than the spider gear. The 2-tooth 
sector gear drives the cam shaft gear very slowly. Cam 
action, by way of the cam foUower, wUl move the lever 
arm. The shift follower at the end of the lever arm fits 
into a circular groove on the shift gear. Movement of the 
foUower causes the shift gear to slide along its shaft. 
Sliding the gear in one direction takes the shift gear out 
of mesh with the ^ider. This is the way the Intermittent 
"cuts out". The liq>ut can continue to turn, but, since the 
shift gear is not meshed, it remains stationary. The shift 
gear stays IN mesh for a certain number of revolutions 
of the drive shaft, then the cam action causes the shift 
foUower to move the shift gear OUT of mesh. 

The path of the groove forming the cam is such that for 
one-quarter of the distance around, the cam foUower wlU 
put the shift gear into mesh with the spider gear. When 
the cam foUower is in the other three-quarter section of 
the groove, the lever arm moves the shift gear out of mesh. 
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AUXILIARY DEVICES 


ADJUSTMENT 


SIMPLE HANDCRANK 

The simplest adjustment device is the handcrank 
mounted on a shaft, with a drive gear on the 
other end, like this: 



This handcrank could be used to set a dial or to 
run the traveling nut to each end of a limit stop 
to determine what the travel limits might be. 



HANDCRANK UNITS 

The handcranks on computers are usually just 
taken for granted as parts of the systems on 
which they are mounted. Actually they are 
important mechanisms, used to turn lines of 
gearing to feed izq;)uts into various mechanisms, 
put values or correction factors into computers 
by hand, or provide means of operating the 
system in emergencies when normal automatic 
transmission fails. 

Handcranks for conq>uters are made as 
units that can be screwed or bolted into position. 
Here are a coiqple of typical handcranks: 




WHAT HANDCRANKS CAN DO 


The handcrank may be a simple crank, shaft, 
gear, and adapter assembly which, as a unit, is 
screwed into or bolted to the computer. Various 
devices can be added to the simple handcrank to 
enable it to do other jobs, or even several Jobe. 
For example, it may have: 

1. Adjustable friction relief drive. 

2. Adjustable holding friction. 

3. Positioning plunger, to hold handle in a 
specific position. 

4. Adjustable pushbutton switch-bolt. 
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HANOCRANK 


FRICTION RELIEF HANDCRANK 

The handcrank can be provided with an adjustable 
friction drive, by using a cup spring (or a helical 
spring) to apply pressure tq)on a gear bearing 
against a wood or conq>osition disk. Adjustment of 
a clamp nut provides the means of varying the 
pressure to obtain the degree of friction required. 
B pressure becomes greater than the friction 
imposed iq>on it, the gear will slip and protect 
associated gearing from strain or damage. 


ADJUSTABLE HOLDING FRICTION 

The same handcrank m^ be provided with cork 
disks, a collar, and a bushing. This assembly puts a 
drag on the handcrank, keeps it positioned, and pre¬ 
vents motion from backing out through the handcrank. 


POSITIONING PLUNGER 

We can carry the design of the handcrank still 
further and add a plunger for the purpose of holding 
the shaft in either of two positions: an IN position 
and OUT position. In changing position, the shaft 
and the drive gear move in relation to the adapter 
housing. The plunger is pulled out and the hand¬ 
crank pushed or pulled to its new position. When 
released, the plunger is returned by a spring and 
enters a hole in the bushing, locking the assembly 
in a particular position. 



"OUT* A 
POSITION ♦ 

f 

^^^HANDCRANK 

*IN‘ X 

POSITION ’ 

SHAFT 

HOUSING 


CORK-_ 

DISK 


BUSHING 

"'N’ POSITION 

-B PLUNGER SPRING 

CORK"^ 

DISK 

SPRING"^ 
ADJUSTING NUT-^ 

DRIVE GEAR-^ 

LOCK^'PLUNGER 

^SPRING COLLAR 
—^|CREWDRIVER 

WOODEN DISK 


Moving the handcrank to the in or out position will 
cause it to engage or become disengaged, or this 
arrangement can be used to drive one or the other 
mechanism. ^ using a wide gear, this drive can 
be kept in engagement all the time, the in and out 
position being to control the drive of another gear. 
Thus, it is possible to drive one gear at all times, 
alone, or in conjunction with another. Further, we 



TO DRIVE ONE 
GEAR AT ALL 
TIMES, ALONE. 

OR WITH 
* ANOTHER 


would Include a switch actuated by the in or 
out position of the shaft. 



TO PROVIDE 
DRIVE TO 
ONE OR 
THE OTHER 
MECHANISM 


OUT OF 
DRIVE POSITION 


IN DRIVE 
POSITION 
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AUXILIARY DEVICES 


LOST MOTION 


TAKE-UP SPRING 

Take-iq) springs are used to prevent lost motion between 
pairs of meshing gears, ff a pair of gears not equipped 
with a take-iq> spring is inspected when at rest, it will be 
observed that a certain amount of space exists between 
the engaged gear teeth. Rarely are load and drive con¬ 
ditions such that when the machine stops, will the gear 
teeth remain in contact like this: 



Generally there is a space between the driving surfaces 
of the engaged gear teeth. When the driving gear begins 
to turn, the Immediate tooth involved has to move through 
this clearance space before it contacts the tooth on the 
driven gear. This wasted motion is referred to as lost 
motion. Lost motion may result in considerable error 
in a gear train having a number of meshing gears. 


DRIVE 



DRIVE GEAR MUST 
MOVE THIS MUCH 
(LOST MOTION) 
BEFORE IT CONTACTS 
AND STARTS TO 
MOVE DRIVEN GEAR 


A take-iq> spring will hold the engaged teeth firmly 
against each other, whether the shafts are turning 
or stationary. 



TEETH IN CONTACT, 
READY TO DRIVE. 
NO LOST MOTION 


The usual form of take-iq> spring has one of its ends 
attached to a mounting plate or to the machine housing. 
The other end Is attached to a clamp fixed on the shaft. 
The clanq) is generally set in place between spacers, 
the latter pinned in place. The spacers prevent the 
clamp from being pulled along the shaft when the spring 
tension is being adjusted, ^ring adjustment can be 
made by loosening the clamp screw and turning the clamp 
to wind or imwind the spring, depending iq>on whether an 
increase or decrease in spring tension is desired. 
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TAKE-UP DEVICES 


TAKE-UP UNIT 

A take-up unit that uses a flat or clock type of spring 
is used when a short shaft prohibits employment of the 
spiral take-up spring. In this unit one end of the spring 
is secured to the housing. The other end of the spring, 
pierced with a hole, is slipped over a pin on the cap of 
the unit. Spring adjustment can be accomplished by 
loosening the clamp and turning the cap to the desired 
position, reclamping to retain the particular tension. 



TEETH 


CLAMP 


POST 


SPRING 


VERNIER GEAR CLAMP 

A vernier gear clamp is used to provide a fine adjust¬ 
ment for positioning a gear on a shaft. The vernier 
permits the gear to be turned very small amounts 
relative to its shaft. 


VERNIER GEAR CLAMP CONSTRUCTION 

The components of the vernier gear clamp are depicted 
individually. Assembly is accomplished by slipping the 
sleeve, with integral splines, on the shaft. The spur and 
worm wheel component fits on, and can turn on, the 
sleeve. The block is formed to fit the sleeve and its 
splines. One set screw (or more), bearing on the spline, 
holds the block securely on the sleeve. A clamp is used 
to secure the sleeve to the shaft. 


We can secure an approximate or rough setting of the 
spur gear by loosening the clamp and revolving the 
assembly on the shaft to the initial position. The clamp 
is then tightened. Manipulation of the worm adjustment 
will very accurately position the spur gear relative to 
the shaft. The worm adjustment screw has a flange and, 
when proper setting is secured, is held in this position 
by the head of another screw called the worm screw lock. 
End-shake of the worm is eliminated by a bent washer 
spring under a collar on the end of the worm. This 
serves to hold the worm and worm gear in close mesh to 
eliminate lost motion and hold the accurate adjustment. 


SPUR 

GEAR 


WORM 



SPRING 
BLOCK 

SET SCREW 
(AGAINST SPLINE) 


WORM 

SCREW 

LOCK 




ASSEMBLED 
VERNIER GEAR 
CLAMP 


Where fine control and accurate transmission are re¬ 
quired, gear teeth are worked to very close dimensions, 
some being honed for precision. Even so, tiny dis¬ 
crepancies occur, plus the fact that a certain amount 
of clearance is required between gear teeth to permit 
meshing. A take-up device is used to overcome the 
clearance and lost motion in gearing. 
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AUXILIARY DEVICES 


DETENTS 


DETENTS 

A detent Is a device or means in a mechanical assembly 
for checking, holding, or releasing a movement at a 
predetermined exact position. A detent may be com¬ 
prised of nothing more than a pin fitted through mated 
holes; a simple mechanical device, exemplified by a 
pawl and ratchet; or more complex mechanisms, such 
as the Intermittent drive. Various detents of particular 
interest are presented in the following par^raphs. 

WEDGE. The simplest of all detents would be a wedge. 
For exan:4)le, to bold an input shaft in position when 
checking or setting equipment, a wooden or bakelite 
wedge may be inserted between the gear and the frame. 
To avoid damage, awedge must be inserted firmly enough 
to hold the shaft line, but should not be hammered in. 

SETTING ROD. Another sim¬ 
ple detent is the setting rod 
or pin on a computer. The 
rod is an accurately ground 
steel rod, fitted into two ac¬ 
curately sized holes, one 
through a gear and the other 
through the frame. With the 
holes in line and the setting 
rod Inserted, the gear will be 
held in an exact position. 


DENTATE DETENT WHEEL. A common form of detent 
used where a shaft is to be held firmly in aiqr one of a 
multiplicity of exact positions, is one which has a specially 
designed detent wheel assembly, as shown: 



The inq)ortant feature of the detent is that it permits the 
use of an accurate set of values, depending on the detent 
wheel design. These values or settings are those com¬ 
prising the center line of hollows in the detent wheel. No 
values can be set at the peaks or other than dead centers 
of the hollows. This detent will pull the shaft to exact 
position if the roller is released near this position; draw¬ 
ing and holding the shaft to this desired position. 



REGULATING 


THE MOTOR REGULATOR 

Certain mechanisms are required to operate at a 
constant speed, independently of variations in load. 


The illustration presents a motor regulator 
as it would ^)pear connected to a time 
motor and time line. 
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SHAFT 

DRAWN 

INTO 

EXACT 

POSITION 


Turning the shaft by crank, for example, forces the 
roller out to the end of the tooth and Into the next hollow. 
Further, If the next setting desired is several notches 
or hollows away, the curator would continue cranking 
until the desired hollow is reached. As soon as the 
roller begins to enter the hollow, the spring on the fol¬ 
lower arm exerts sufficient force to bring the roller into 
exact position. Shaft may be operated in either direction. 


THE RATCHET. The pawl and ratchet r^resent the 
simplest form of automatic detent. The ratchet is used 
to permit transmission of motion, intermittent or con¬ 
tinuous in one direction, and as a holding means to 
prevent the ratchet wheel from rotating backward. This 
form is commonly used in connection with hoisting 
mechanisms or applications where it is essential the 
shaft be prevented from turning in the reverse direction 
under action of load or discontinuance of power. 


MAY BE SPRING LOADED 


RATCHET 



When the ratchet is revolved in a direction where the 
tooth rises under the pawl, the pawl will be lifted and 
allow ratchet motion. The pawl drops back, due to 
weight or spring loading, and, bearing against the face 
of the ratchet tooth, prevents motion of the ratchet in the 
reverse direction. The ratchet may be spun rapidly, 
throwing the pawl out of action until the motion slows 
to permit the pawl to drop in between the teeth, engage, 
and prevent motion in reverse from that point. 


ESCAPEMENT RATCHET. A refined version of the 
pawl and ratchet is found where the pawl is designed 
with two stops, one at each end of a half moon, with a 
pivot in between, and an arm to actuate the pawl. This 
design limits motion of the ratchet to "one click at a 
time". The lever arm must be operated for each tooth. 
Motion of the lever causes the unengaged trip stop to 
bear upon a tooth, hold the ratchet, and at the same time 
cause the engaged positive stop to slide out of contact 
with its tooth. The lever can then be released, as 
pressure of the tooth on the trip stop will cause the 
positive stop to become engaged and prevent further 
motion of the ratchet. 



PULL TO CAUSE B TO HOLD 
AND A TO CLEAR TOOTH 
RELEASE TO ALLOW A TO 
BEAR AGAINST TOOTH AND 
HOLD RATCHET 


RATCHET 


Rotation of some integrator disks which represent TIME 
are good examples of the need for accuracy. If the iiq>ut 
provided by an integrator is not accurate, the change in 
range will be equal to the inaccxiracy multiplied by the 
change in range rate. The motor regulator keeps the 
time motor running at a constant speed, regardless of 
load variations. 

The motor regulator assembly monitors the (^ration of 
the time motor, which is characteristically geared to 
turn the "time line" too fast if power la supplied to it 
continuously. When the motor begins to increase rpm, 
contacts break the circuit, and close again when the 
motor slows down to normal operating speed, thus keep¬ 
ing the time motor speed practically constant. 


OPERATION OF MOTOR REGULATOR 

The time motor is geared to drive the time line and a 
worm drive. The worm drive transmits the rotation of 
the motor shaft to a spider in the differential, which 
conq)are8 the motor speed with the constant escapement 
speed. H the motor drives the differential spider faster 
than the escapement, this difference will cause a cam to 
spread a pair of switch points and break electrical 
contact. Return to normal speed allows the cam to turn 
and permit the contacts to close again. The cam con¬ 
tinuously opens and closes the contacts as motor speed 
becomes slightly greater or less than escapement speed. 
This action takes place so fast that motor speed is 
always closely matched with escapement speed. The 
average speed of the time motor ou^ut shaft is constant. 
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REGULATING DEVICES 


PARTS OF MOTOR REGULATOR 

There are three main components: (1) the escapement 
mechanism, (2) the Jewel differential, and (3) the cam 
and contact assembly. The Illustration depicts these 
items in relation to the time motor and time line. 



ESCAPEMENT MECHANISM 

The escapement mechanism Is Inessence the escapement 
of a mechanical clock. In a clock, the escapement Is an 
Integral part of the mechanism, but In other cases, as In 
regulators, the escapement Is made up as a separate unit 
and bolted into place. Its gear Is meshed with the Jewel 
differential in the regulator. Divested of housing, the 
principal remaining parts of an escapement mechanism 
would appear like this: 


Continued swing frees the esc^>e tooth, and at the same 
time the stop tooth comes Into play to halt further move* 
ment of the escapement wheel. The pallet lever In the 
meanwhile has applied pressure to the Impulse pin on the 
balance wheel and caused it to rotate and '^fvlnd up" the 
hair spring. Winding the hair spring slows up, stops the 
balance wheel, and then as the spring starts to unwind, 
puts pressure on the prong of the pallet fork. The hair 
spring unwinds, spins the balance wheel In the opposite 
direction, and moves the pallet lever to repeat the cycle. 
The result of oscillation of the pallet lever Is to allow 
release of the escapement wheel one tooth at a time. Since 
there is a definite and even rhythm of the balance wheel, 
the control pinion is held to a definite, constant speed. By 
fitting a little fork over one of the last turns of the hair 
spring, to control its wind up, control is had of the balance 
wheel oscillations. By extending the arm of this control 
to some accessible position on the escapement mechanism, 
a means of speeding up or slowing down the action is 
provided. Thus, a number of escapements can be adjusted 
so they all operate at the same speed. By moving the 
adjustment lever to F (for faster) and to S (slower), the 
oscillations can be made to Increase or decrease in tempo. 

THE JEWEL DIFFERENTIAL 

This spur gear differential has come to be known as a 
Jewel differential because Jewel bearings are used to 
reduce friction drag to a minimum. Its spider is comprised 
of a case enclosing end and spider gears, secured to a 
large driven gear. One of the end gears is mounted on a 
shaft extending out of the case and provided with a gear. 
The e8C{M;>ement regulates the speed of this gear. The 
other end gear, driven through spider gears, turns the cam 
of the cam and contact assembly. The escapement mech¬ 
anism tends to turn at a constant speed. Motor speed 
varies. The diHerence between these speeds drives the 
output side of the differential turning the cam. 


REGULATOR FORK 
LEADING TO 

ADJUSTMENT HAIRSPRING 


LEVER COLLET 



CAM TO MAKE 
OR RREAK 
CONTACTS 


END GEARS 


TO 

ESCAPEMENT 

MECHANISM 



SPIDER GEARS 
MOUNTED IN SPIDER 
AND MESHED TOGETHER 


The spur gear, mounted on the escapement wheel shaft, 
acts as the input for the escapement and at the same 
time as the control pinion for the mechanism it is to 
control. Rotation of the escapement wheel applies pres¬ 
sure on the escape tooth of the pallet. This causes the 
pallet fork to swing on its staff. 


When the motor speed is greater than the escapement 
speed, the cam turns, opens the contacts and, by removing 
power, permits the motor to slow down. When motor 
speed is less than escapement speed, the cam turns to 
permit the contact to close. With power applied, motor 
speeds up again. 
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AUXtLIARY DEVICES 


CAM AND CONTACT ASSEMBLY 

The cam and contact assembly consists of two arms 
pivoted tc^etber, each arm bearing a roller and a contact. 
A spring pulls the two arms together. When the cam 
located between the roller is turned so it pushes the 
rollers and switch arms apart, the contacts are separated, 
breaking the electrical circuits. With contacts closed, 
motor t\irns on. As speed is less than escapement, cam 
remains in a position where arms and contacts are pulled 
together by the spring. Motor will continue to speed up 
and, vdien speed becomes greater than escapement, cam 
is turned, spreads arms, and opens the contacts. The 
motorslows down and, when speed is less than escapement, 
cam moves to allow switch contacts to close and again 
apply power to motor. 


Cam is vertical. Contacts are closed 
when motor is turned on. 



Motor speed is greater than escape* 
ment speed. Cam turns. Contacts 
open and motor slows down. 



Motor speed is less than escapement 
speed. Cam returns toward vertical 
position. Contacts close and motor 
speeds up. 



STEP-BY-ffTEP OPERATION OF MOTOR REGULATOR 
Here is the 8tep-by*8tep operation of the motor r^ulator 
(escapement mechanism, jewel differential, and the cam 
and contact assembly) hooked up with the time motor. The 
essential elements and electrical hook-up of the time 
motor may be shown like this: 


ASSEMBLY 


BALANCE 

WHEEL 



When the motor is turned on, the following occurs almost 
instantaneously; 


DRIVEN 
^ BY WORM 


TO 

ESCAPEMENT 





CONTACTS CLOSED 


DIFFERENTIAL 

SPIDER 


With contacts closed, current goes to time motor and causes 
worm to drive spider. The cam begins to turn. Almost 
Immediately the cam strikes the rollers on the switch arms. 
The spring between the arms acts as a slight brake so 
contacts do not open at once. 



Following the line of least resistance, the motion from the 
spider backs into escapement mechanism which picks up 
speed. Meanwhile time motor has been increasing, its speed. 
The escapement mechanism is moving at the maximum speed 
which the coiling and uncoiling of the hairspring will allow. 



When the rotation of spider can no longer back into escape¬ 
ment, it turns the other side of the differential on which the 
cam is secured, opening the contacts. The motorslows down. 



As soon as the motor speed falls a little below esc^wment 
speed, the cam will no longer hold the contacts apart. The 
spring will bring the arms together, turning the cam toward 
its vertical position and allowing the contacts to close again. 
The cycle then starts over again, the cam contlnuouslyopen- 
ing and closing contacts as the motor speed becomes slightly 
greater on less than the escapement speed. This happens so 
fast that the motor speed is always closely matched with the 
escapement speed. The average speed of the motor ou^ut 
shaft is constant. 
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AUXILIARY DEVICES 


PROBLEMS 


1. bi the case d a traveling nut stop additionally equipped with 
electrical stop switches, would the mechanical stops or the 
electrical switch stops be used for initial stops? Why? 

2. What advantage has the Oldham coiq>ling over the flange-type 
or clamp-type couplings? 

3. After reinstalling a drive involving an Oldham coiq)ling, 
what very inoportant item should be checked before starting 
vq) the equipment? 

4. When vibration and the fluctuating velocity common to the 
cross pin universal point would be objectionable, what other 
type of universal joint could be used in its place? 

5. Li high-speed equipment, why is the solenoid clutch a favored 
means of control? 

6. Why is a solenoid lock used in some equipments? 

7. What is the function of a friction relief device? 

8. Whenwould the use of a friction-holding device be indicated? 

9. Of what would a simple intermittent drive consist? 

10. What kind of handcrank would be used to prevent feedback or 
motion from backing vqi the crank? 

11. Where would you expect to find a vernier gear clamp? 

12. Eicplfl.in the purpose of a detent. 
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CHAPTER 2 BASIC MECHANISMS 
OF COMPUTERS 


SECTION 



DATA PRESENTATION 



Ordnance equipment requires the transmission, reception, and 
direct reading of Information. Indicators, counters, scales, and 
dials are used to display or correlate this data. They serve 
also for adjustment, alignment, and checking purposes. Each of 
these Indicating means is designed for a specific application. 
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INDICATORS 



ANNAPOLIS 



If you were asked to name one 
of the simplest of Indicators, 
you mi^t refer to the arrow 
on a sign post pointing the 
way to a town or place. 

Another familiar 
indicator is the 
li^t switch with 
two push buttons, 
one marked OFF 
and the other ON. 
Button positions 
show when current 
is off or on. 



-- ’m 

m»H PM 
ON 



PV»M PM 

OFf 


PUSH-PUSH 
TYPE SWITCH 



TOGGLE 

SWITCH 


A later version at the push button 
switch is the PUSH-PUSH type 
which makes use ctf a single but¬ 
ton. Repetitive pushes on the 
button turn the li^ts ON or OFF. 

Some switches have a toggle 
which indicates OFF or ON by its 
position (up or down; left or right), 
also used to indicate what circuit 
is being energized. 


The multiple selector 
switch is used where sev¬ 
eral electric circuits are 
involved. Turning a knob 
and its indicator to the 
proper numeral or legend 
cuts in the desired circuit. 

A rheostat or potenti¬ 
ometer also has a knob 
and indicator. By turn¬ 
ing the knob, the desired 
electrical resistance 
can be secured, ranging 
from zero to the highest 
indicated capacity of 
the instrument. 


MULTIPLE 

SELEOOR SWITCH 



POTENTIOMETER 




The pointer of a com¬ 
pass indicates magnetic 
north. Points relative 
to this position can be 
determined. The com¬ 
pass might be called a 
visual relative position 
indicator, for if we have 
a map, or know the area, 
we can travel over a 
selected course in the 
proper direction. 




SWEEP SECOND HAND 


CLOCK WITH 
SWEEP SECOND HAND 


The sweep second hand, presenting elapsed 
time in seconds, is another familiar indicator. 
If we were interested in a time operation, we 
would use a timer provided with a minute 
hand so geared that for each sweep of the 
second hand representing 60 seconds, the 
minute hand would move an increment repre¬ 
senting 1. The next step would be a clock 
with three hands to indicate hours, minutes, 
and seconds. Such a clock could be a special 
one with a standard 12-hour dial (as shown), 
or it could have a Navy type 24-hour dial. 



Gasoline pumps usually have dual in¬ 
dicators, one window showing total 
flow of fuel in gallons and tenths of 
a gallon, and another window showing 
cost in dollars and cents. They may 
be called simple computers. 


ABACUS 

Counting and other forms of 
arithmetic have been per¬ 
formed for ages using the 
simple abacus. To keep 
track of the numbers involved, 
beads are moved on wires 
within a frame. 


COUNTERS 



THE TAFFRAIL LOG 
The taffrall log was used to 
obtain the speed and daily 
run of a ship. A rotor at the 
end at a line was trailed in 
the ship's wake, and a count¬ 
ing mechanism, mounted on 
a gimbal at the taffrail, 
counted the revolutions of 
the rotor. 



REVOLUTION 

COUNTER 


By coupling a mechani¬ 
cal counter to a rotating 
shaft, while timing with 
a stop watch, shaft rpm 
can be coxmted. 
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DATA PRESENTATION 


Additional and sometimes remote visual indi¬ 
cators, or tell-tales, can be used to indicate INDICATOR LIGHTS 
circuit conditl(»8. A small electric lamp, 
mounted under a colored lens, ll^ts to indicate 
the conditions. One lamp, under a green lens, 
ma; be used to show the circuit is OFF. An¬ 
other lamp, under a red lens, may be used to 
show that the current is ON. 



By using a small electro-magnet or solenoid 
as the control, an effective indicator was de¬ 
veloped. The energizing or de-energizing 
action of the coil is used to cause a pivoted 
flag to appear In a window. When current Is 
ON, a red flag i 4 >pears in the window labelled 
CURRENT ON. When current is OFF, a green 
flag appears in a window labelled CURRENT 
OFF, or cmcurr broken. 


INDICATOR FLAG 


CIRCUIT 
BROKEN 
GREEN FLAG 
(OR NO FUG: 
SHOWING 




CIRCUIT 

ON 

RED FUG 
SHOWING 


OSCILLOSCOPE 
The cathode ray oscil¬ 
loscope is one cf the 
most perceptive elec¬ 
tronic test instruments. 
The fluorescent screen 
gives visual presenta¬ 
tions of current voltage, 
and circuit waveforms. 
The tube is also used as 
an indicating device for 
displaying data obtained 
by using radar, sonar, 
radio direction finders, 
loran and television. 


SINE-WAVE 

VOLTAGE 

PRESENTATION 



SAWTOOTH 
WAVE FORM 




Water meters measure the number 
of cubic feet of water consumed 
by means of indicator dials 
which show increments 
from one cubic foot 
to millions of cubic 
feet. Because of 
the train of gears 
used, the diaig are 
read alternately, 
one dial from left 
to ri^t, and the 
next from ri^t to 
left. The readings are 
taken by using all of the 
lowest dial indications. For 
instance, a hand between 4 and 
5 on a dial would be taken as 4. 


WATER 


METER 


ELEORIC METER 



Gas meters are also calibrated in cubic feet, and indi¬ 
cate in the same way as water meters. 

Electrical meters use a small amount of current to 
actuate indicating mechanisms, and to move pointers 
over dials. These meters indicate electric current 
consumption ejqiressed in kilowatt-hours. 


COMPUTERS 



ADDING 

MACHINE 


A common business 


computer, the adding 
machine, is used to 
total numerical in¬ 
puts fed into it. The 
count is indicated on 
the edge of intercon¬ 
nected wheels viewed 
throu^ windows in 
the case. 



A computer used in gunfire control 
receives inputs of numerical val¬ 
ues, performs computations, and 
delivers an answer, or transmits it 
as output information. These quan¬ 
tities are counted in units such as 
yards of range,degrees of elevation, 
or knots ship speed, each ex¬ 
pressed as a number. 


PREDiaiON VALUES GROUP COUNTER 
The Prediction Values Group on the top of Computer 
Mk 1 is an example of more involved counter pre¬ 
sentations. Here, the Sight Angle counter shows a 
computed value in minutes. The Fuse Counter dis¬ 
plays the computed value of the fuse setting order in 
seconds. The first two figures 
are in white, and give readings 
in full seconds. 



The third figure is -in red, and 
the graduations are in tenths of 
a second. By observing the re¬ 
lation of the graduations to the 
index, hundreths of a second 
can be approximated. 
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A dial Is a convenient means of displaying data by means Some dial arrangements display two values or quantities for 
of its rotation. A small angular displacement maybe read comparison. Dials can be positioned by band cranks, or 
against a fixed index, or against a graduated outer ring. automatically. There are two general types: disk and ring. 


disk dial 


The disk dial consists of a flat circular plate 
secured to a shaft. 

The disk may be calibrated 

about its entire clrcum- / 

ference, registering y \ 

against a fixed index. / \ 

If a reading in sec- / 

onds was desired, [' 

we could take a dial I 

with its circumfer- \ j 

ence marked off into \ A 

60 equal spaces, each 
representing a second. 


An equivalent 
arrangement is a disk 
bearing only an index, 
rotatii^ so that 
the index points 
to graduated values 
on a fixed ring or on 
a separately mounted 
face plate. 



LINEAR DIALS 

Linear information may be expressed by the use of dial is graduated every 50 feet, and marked every 

one or two dials. Double speed disk dials, for ex- 100 feet. These dials are gear-driven from the same 

ample, offer a means of expressing linear data by drive shaft. 

the use of one coarse dial and one fine dial. The In reading dials of this kind, the coarse dial is read 

pair of height dials in a typical computer indicate against the Index at its Indicated or next lowest value 

the vertical height of a target. The coarse dial, point. The fine dial reading is taken at its indicated 

graduated every 1000 feet, is numbered every 5000 or h^best estimated point between value points. The 

feet up to 50,000 feet. End zeros are omitted to per- dials shown register 11 (11,000) onthe coarse dial, and 

mit the use of larger, easier read figures. The fine 60 on the fine dial, making the total 11,060 feet. 











DATA PRESENTATION 


DIALS INPUTS AND OUTPUTS 

Disk dials are suitable for indlcatiiig linear or non¬ 
linear values, expressed as inputs or outputs. Our 
previous example of a dial may be imagined as secured 
to a shaft to which a gear is attached. If this gear has 
60 teeth, the dial would be moved one second for each 
tooth movement. Total movement would be Indicated 
by the output from some other mechanism. 

If we add a crank and a clutch, we could feed in in¬ 
formation, thus reversing the process. We could 
crank in the desired time input indicated on the dial, 
and delivered as an output to the other mechanism. 


0*^ ntAt MOtMTlMR PI ATF 



NONLINEAR 

DIALS 



Within limits, dials are suitable for indicating non-linear func¬ 
tions. For example, parallax range is transmitted to the guns 
by a sizzle speed transmitter. The transmitter dial is graduated 
in yards, marked from 1,555 to 30,000 yards, and infinity. Spaces 
between graduations vary inversely with the advance range; that 
is, as range increases, the spaces between graduations decrease. 
As a result,there is crowding at the long range portion of the dial. 


Let us consider the opposite case, and construct a dial with gradu¬ 
ations progressively further apart as values Increase. To illustrate 
this, we could have a dial indicate the square (R^) of the revolutions 
(R) of a shaft. Assume only a few readings are required, as for 
0, 1, 2, 5, 10, 15, 20 and 25 shaft revolutions. 


A quick appraisal indicates that a simple reduction gear would solve the 
problem of drive between shaft and dial. To simplify the problem of dial 
layout, let us secure to the dial a gear with 360 teeth, and use as the drive 
fromthe shaft apinion with 10 teeth. Each shaft revolution (R) would move 
the dial gear 10 teeth, and advance the dial reading 10 degrees. 

We can make up a table cover¬ 
ing these conditions, and use 
it to calibrate the dial, thus: 




yii 

DIAL 

READING \ \ 

o 

\ 

IN R* / 


O — 

f 



Rof 

Shaft 

R^ Reading 
on Dial 

Position on 

Dial(decrees) 

0. 

.b. . 

. 6 

1. 

.1. . 

.... 10 

2. 

.4. . 

.... 20 

5. 

.... 25. . 

.... 50 

10. 

. . . .100. . 

. . . .100 

15. 

. . . .225. . 

. . . .150 

20. 

... .400. . 

. . . .200 

25. 

. . . .625. . 

. . . .250 


Note the numerically progressive diff¬ 
erence between 0 and 5, 5 and 10, etc. 


We could add 
a crank to our mechanism to 
set in the desired R value to be 
transmitted as shaft revolutions. 


If greater ratios are involved, it 
would be necessary to use more 
extensive reduction means, such 
as a gear train using as many re¬ 
duction combinations as required. 
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A ring dial is shaped somewhat like a washer. It may 
be mounted on posts to raise it above its mounting 
plate or gear, or it may be spool-shaped for direct 
mounting on its plate. Increments may be inscribed 
at inner or outer diameters, depending upon applica¬ 
tion. The outer edge, presenting greater linearity, 
lends itself to fine readings. The ring can be driven 
by pinion or planet gearing. 



While ring dials may be used alone, they are often com¬ 
bined with disk dials. The ring dial allows a disk di a l 
to be placed within the hole at its center. With both 
inscribed dial faces on the same plane, they are easily 
matched, compared, or arranged to render a differen¬ 
tial reading. The disk dial can be mounted directly on 
a drive shaft or differential spider, and also drive 
planetary gearing to control motion of the ring dial. 
A typical design is one in which the ring dial revolves 
one turn to 18 turns of the disk dial, providing mech¬ 
anical interdependence of dials, and assuring accurate 
correlation. Another means of (deration, where two 
inputs are involved, is to use the shaft as input A to 
the disk dial, and to provide the ring dial drive gear 
with a spur gear, so it may be driven by iqput B. In 
this case, the ring dial drive gear is not pinned to the 
shaft, and is free to revolve independently of it. Fur¬ 
ther, the ring dial may be driven by means of a simple 
gearing, or by a more conq>lex gear train, depending 
upon the requirements of the particular application. 



•INC DIAL 


GEAR 
SECURED 
»Y SCREW 
TO PLATE 


4POOI 
TYPE 
SECURED 
TO PLATE 


DRIVE GEAR 
PINNED TO SHAFT 


PLANET GEAR 
ON PLATE 


SINGLE INPUT 


DRIVE GEAR 
NOT PINNED 
REVOLVES 
FREELY 
ON SHAFT 


INPUT A 


INPUT B 


DOUBLE INPUT 


MISCELLANEOUS DISPLAYS 


An indicator used for meter work con¬ 
sists of an index moved over a fixed 
scale in a straight line. 



Another type uses a revolving drum dial, 
which is read against a fixed index. 



INDEX FIXED 


A common indicator used on electrical 
Instruments is the hand or pointer index 
moved over a semi-circular scale. 



The pressure gage, its scale cali¬ 
brated in pounds of pressure per 
square inch. Is another fixed scale. 
The compound gage provides means 
of reading pressure above zero (the 
pressure existing at sea level), and for 
values below zero, in inches of vacuum. 
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An arrangement using ring and disk dials is the 
follow>the*pointer mechanism used to indicate 
movement of a gun mount in elevation (or train) 
In response to the gun order. A 83mchro re¬ 
ceiver, to which is fed the signal representing 
the gun order, drives a disk dial. The ring dial 
is geared to the gun mount, and it follows the 
transmitted signal (follow-the-polnter). Whena 
gun order is changed, the synchro receiver 
rotor turns the disk dial, and the mount power 
drive (or gun pointer, or gun trainer) responds 
by moving the gun according to the indicated 
order. This movement also drives the response 
gearing, turning the ring dial to follow the inner 
synchro driven disk dial. When the two index 
marks match, the gun mount is in gun order 
position. Note that the synchro body (and stator) 
is clamped in a fixed position. 



THERMOMETERS 


The zero-reader mechanism is used to operate a disk dial which 
displays response of a gun mount or other application to a sjmchro 
signal. The zero-reader mechanism uses a synchro receiver 
which permits the synchro stator to be mechanically rotated. The 
example Illustrates a receiver which receives a synchro signal 
representing a gun order (elevation or train). This causes the 
synchro rotor to turn, turning the zero-reader disk dial off the 
fixed index mark. As the gun mount is moved (automatically by 
power drive, or manually by gun pointer or trainer), the entire 
synchro (including the dial) is rotated through gearing toward the 
fixed index mark. Ssmchro rotor and stator are electrically locked 
together by their magnetic fields. This causes the stator, rotor 
and dial to rotate as a unit toward the fixed index mark. The zero- 
reader Hifli shows the difference between gun order and response. 
When the two are equal, the difference is zero. When indexes are 
matched, with the dial indicating zero, gun mount position corres¬ 
ponds to gun order position. The process of matching indexes 
is called matching zero readers. 



THE STEM THERMOMETER 
The stem thermometer, consisting of a cali¬ 
brated glass tube with a fine bore, is read by 
observing the height of the indicating fluid, 
such as mercury or tinted alcohol. The dial 
thermometer uses a hand sweeping across a 
calibrated dial to indicate temperature. A ther¬ 
mal indicator, used in automotive devices, 
employs a hand which sweeps over colored or 
labelled sections of a dial to indicate specific 
conditions. When its hands points to "Cold" 
section, which may have a white background, 
it indicates that the device is not up to operating 
condition. When the hand points to the middle 
section, with a green background, it indicates 
that the device is in normal operating condition. 
When the hand points to the red section, it 
indicates an overheated condition. 



summary 

Data presentation is the visual indication of apositlon, 
quantity, or condition. The information presented 
may be simple (shaft rpm), or complex (circuit volt¬ 
age analysis on an oscilloscope). The data is displayed 
in terms representative of the appropriate units of 
measurement. The information is presented on in¬ 
scribed counters, dials, or scales. 
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DATA PRESB4TATION 


PROBLEMS 


1. Refer to the Illustration showing the dial of a water 
meter. What is the reading? 

2. hi a plant or home equipped with a water meter, how 
would you determine the quantity of water consumed 
during the past month? 

3. How many kilowatt-hours are Indicated on the illustra¬ 
tion showing the dial arrangement of an electric meter ? 

4. What are the two common dial forms ? 

5. Name two types of indexes. 

6. What is the process Involved in "following a pointer"? 

7. On what type dial mechanism would you apply the 
term "matching pointers"? 

8. What does a "zero-reader" dial show? 

9. Eiqilain what takes place when a gun order is trans¬ 
mitted to a zero-reader synchro receiver. 

10. Refer to the illustration of hei^t dials showing a total 
reading of 11,060 feet. Suppose a pinion with 5 teeth is 
used on the drive shaft, and a gear with 20 teeth is used 
on the fine dial shaft. As the fine dial has a total of 10 
numbered points (in hundreds), and 10 midway points 
(representing 50-foot increments), there is a total of 20 
points on the dial. A movement cf one tooth of the drive 
gear would cause the dial to be moved one 50-foot in¬ 
crement. If the drive pini<m makes four revolutl(»s, 
the fine dial would make one revolution representing 
1,000 feet. Our problem concerns the coarse dial 
shown in the illustration. Work out the following: 

(a) How many teeth are required for the gear on the 
coarse dial shaft ? 

(b) How many teeth are required on the pinion of the 
coarse dial shaft? 

(c) How many teeth are required on the reduction 
gear driven by the drive shaft pinion? 

11. Refer to the illustration covering R* dial readings. 
Assume we wish to have this dial take care of all the 
readings shown, and in additim, to show R* readings 
for 30R, S5R, and 40R. E3q)laln how this can be accom¬ 
plished, and use a sketch to illustrate the dial layout, 
giving the R* readings and positions on the dial. 
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CHAPTER 2 

BASIC MECHANISMS OF COMPUTERS 


application of basic mechanisms In 
COMPUTING SYSTEMS 



Because computers are used for a large variety of 
purposes, they may have many varied designs. The 
particular type of computer which will engage our in¬ 
terest is that used in fire control. The job of a computer 
in fire control is to convert available information such 
as speeds, locations, and ballistic data into required 
information such as fuze settings, and gun orders. 


The student is familiar with the basic mechanisms. 
Each one of these is a small computer in itself, but its 
function is limited. It can perform only one type of 
operation, such as: addition-subtraction, multiplication- 
division, etc. Many problems involve more complex 
operations and combinations of the basic operations. To 
handle these problems, many basic mechanisms must be 
used together in a computer. By applying his under¬ 
standing of each basic mechanism discussed in ch^ter 
2, the student can analyze and understand many of the 
most complicated computing systems. 


In this section, a computing system is designed to solve a 
basic fire control problem. First, the problem is analyzed 
In a geometric way to determine what preliminary in¬ 
formation is required. Then, the means of securing this 
scope of section information is devised. The preliminary information is 
then mechanized in a computer in order to calculate the 
required information. 

The design of a computer system will not be approached 
from a "nut and bolt" point of view. The computer will be 
looked iq)onas being composed of several basic mechanisms, 
connected in a certain way, to perform a particular task. 
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COMBING SYSTEMS 



target velocity across LOS 

When the target has a component of velocity 
perpendicular to, as well as along the LOS, the 
torpedo m\ist be fired in front of the target to 
hit it. The LOF must lead the LOS by angle L. 



Angle L is the desired output of the fire control 
system. The computer must determine this 
value from the information supplied to it. 

Angle L depends on both the target speed (DMt) 
and the torpedo speed (DMa). It must be adjust¬ 
ed to cause the torpedo to reach a future point 
P at the same time as the tai^et. 



For a mathematical solution to the 
problem, an equation with angle L as 
the only unknown will be established. 
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line between own ship and target 



A system is required to provide the firing information necessary 
to hit a moving target with a torpedo fired from a surface vessel. 


FIRE CONTROL PROBLEM 


determination of lead angle 


In order to reach point P at the same time as 
the target, the torpedo is fired at an angle so 
that it has the same component of velocity per¬ 
pendicular to LOS (DMb^ as the target (DMbt). 



DMbt« DMba 

Then 


DMbt " DMba « DMa sin L 


and 


L s sin 


-1 DMbt 
DMa 


When DMbt and DMa are known, L 
is determined by solving the above 
equation. The determination of the 
required information will be discussed 
on the following pages. 
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COMPUTING SYSTEMS 


MECHANIZATION OF 


The original statement of the fire control problem- 
directing a torpedo at a distant target •• is vague. The 
physical requirements of the fire control system are 
not ^parent from the problem statement itself. After 
analysis, however, the requirements are more specific. 
We have the equation: 

DMbt B DMba » DMa sin L 



OS ^ DMa LOF 


TRACKING 


analysis of rate measurement problem 

Li the lesson on rate measurement a method was out¬ 
lined for broaching any rate measurement problem. 

We will follow that method. 


1. Component to be Measured — Quantity needed is target 
speed perpendicular to LOS (tangential speed DMbt). 

2. Direct or Indirect Measurement— Indirect method is 
used because direct method cannot be (q>plied unless 
physical contact is established with the target. 


3. Type of I>q)lication — Linear tracking (following the 
target) is inq)ractical. The type of duplication which will 
most easily give DMbt is rotational tracking. 

Radar or telescope sighting may be used to di^>llcate the 
motion of the target. For simplicity, let us assume that 
the tai^et is tracked with a telescope. 


solution of rate measurement problem 


In the calculation of DMbt, the bearing rate must The calibrated speed control determines bearing rate, 

first be measured. The speed control, arranged DB, which is the angular velocity of the telescope, 

for measuring speed and bearing, is as follows: i. 

TELESCOPE r 


DB 


BEARING 

RATE 

(DB) 


10 - 


3- 


TARGET BEARING 
(B) 


1 I 11 III 


TIME MOTOR 


Because the integrator is not a power device capable 
of driving the telesct^e equipment, the signal B may 
be applied to a servo system which is designed to 
drive the telescope equipment. 





PRELIMINARY INFORMATION 
DMbo AND R REQUIRED IN 
DETERMINATION OF DMbt. 


DMbo is the tangential component of DMo, 
own ship speed. DMo is measured a 
pitometer log, a direct speed measuring 
device. By putting DMo and B (the target 
bearing determined by the speed control) 
into a component solver, component DMbo 
may be calculated. 
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FIRE CONTROL PROBLEM 



The problem can now be divided in two parts : 

1. Using known methods of rate measurement, 2. Using DMbt and other available information, 
find Dhfbt. As the method usually used in find L. Since angle L indicates predicted or 

step 1 involves following a target with radar future posit ion of LOS at the time the torpedo 

or telescope, step 1 is called tracking . hits the target, step 2 is called prediction . 


-DETERMINATION OF DMbt 


The position of the telescope gives target bearing. The 
rotational speed of the telescope gives bearing rate. 





4. Measurement of Duplicate. 

The three methods of measurement are: 

a. Clocking 

b. Speed Sensitive Device 

c. Calibrated ^[>eed Control 

The method used in most fire control applications is c, 
the Calibrated Speed Control. This method is used 
because it is fast, gives Instantaneous values of speed 
and allows the <^rator to change the duplicate speed 
changing the setting on a calibrated control rather 
than cranking by hand. 



Multiplying the bearing rate DB, by the range of the 
target, R, determines DMb, the relative tangential 
velocity between own sh^) and the target. 




Subtracting own ship tangential velocity DMbo from 
DMb, we get DMbt, the tangential target velocity. 





PRELIMINAKY 
INFORAAATION 
DMbo AND R 
MUST STILL BE 
DETERMINED 



Target range, required in the determination of DMbt, 
can be found by an optical rangefinder, radar or other 
means. We will assume that range can be continuously 
measured and cranked into the multiplier. 



TIME 

MOTOR 


DMbt 


DMb 


DMbo 


The tracking section is now complete. 
The output of the tracking section is 
DMbt. The izq)uts to the tracking sec¬ 
tion are DB, R and DMo. 
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COMPUTING SYSTIAtt MECHANIZATION OF FIRE CONTROL PROBLEM 


PREDICTION.DETERMINATION OF L 

Prediction In torpedo fire control consists of 
calculating angle L, the angle which the LOF 
makes with the LOS. This calculation can be 
made by a vector solver from information 
supplied by the tracking section. 


TELESCOPE 


DB 


B 


T t T rtiin 


1 


TIME 

MOTOR 


B 




DMt 


DMba > DMa sin L 

r 


DMa 


LOF 


DMo 


TRACKING 



DMa 


DMbt = (3 m—I 
DMba 




The speed of the torpedo, DMa, is manually 
adjusted and Is, therefore, a known quantity. 
DMba is known because It is equal to DMbt, 
the value calculated by the tracking section. 
By putting DMa and DMbt into a vector solver, 
the sight angle, L, Is calculated. 


PREDICTION 


Angle L between the LOS and LOF, when added 
to the target bearing B, gives the tube train 
Bdg' with respect to the ship centerline. This 
value can be sent by means of synchros and 
servos to the torpedo tubes. 


TELESCOPE 


DB 


JO 




I 


11 I I riiin 


TIME 

MOTOR 


B 


DMa 




DMo 


TRACKING 



The inputs to the system as a whole are R, DMo 
and DMa. DB is cranked in by the telescope 
observer. The observer can be considered as 
part of the system. (In that case the error ob¬ 
served when the target was not directly in the 
telescope crosshairs would be an input.) The 
output of the system is Bdg' (torpedo tube train). 


4.B 




SERVO 

SYSTEM 



PREDICTION 


SUMMARY 

Although such a system as developed in this section could 
be used to calculate lead angles, most actual systems are 
more complicated. The extra complexity is mainly due to 
automatic features. A typical fire control system would 
not require range and DB to be constantly cranked in. As 
a target moves with constant speed and course, the range 
and bearing rate may change. Computing systems are 
designed to automatically compensate for these changes. 


100 


Digitized by 


Gcwgle 








ai/a^ 


SYNCHROS 


EARLY MEANS OF DATA TRANSMISSION 


An early means of transmitting data from one 
part of a ship to another was by use of the speak¬ 
ing tube. A metal tube would be carried through 
decks and bulkheads In one continuous run. One 
tube, for example, would extend from the bridge 
to the captain’s quarters, and another to the 
engine room. 

When not In use, openings would have plugs 
jammed Into place. The plug would be pulled 
and the speaker would blow as hard as he could 
into the tube. This would cause the "tin whistle" 
in the plug at the other end of the tube to attract 
attention. By shouting into the tube and at ap¬ 
propriate time applying the ear, a means of 
communication was had. 


DATA TRANSMISSION BY ELECTRICAL MEANS 


The electrical system, typified by the synchro, 
provides the means of supplying accurate, rapid 
transmission of data between remote points 
aboard ship. A synchro system requires but a 
few wires as the connecting media, and uses a 
small amount of electricity for operation. The 
synchro system Is of almost negligible weight, 
thoroughly reliable, accurate, and easily checked 
and maintained. These attributes meet the com¬ 
plex Interrelated requirements Involved In naval 
ordnance.and make synchro systems practically 
mandatory on naval vessels. 


scope of section 


This section will be devoted to synchro de¬ 
vices in which the different types, sepemted 
into related groups, will be outlined. Tbese 
groups will comprise: 

^ Synchros . . . Transmitters and Receivers 
^ Synchro Differentials 
^ Synchro Control Transformer 
^ Synchro Capacitors 
^ Transmission Sk>eeds 
^ Zeroing Synchros 
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SYNCHROS 


SYNCHR 


HOW THEY 
ARE BUILT 


TYPES OF SYNCHROS 
While a synchro has the 
outward appearance of 
the familiar fractional 
horsepower motor, Its 
wiring and coll arrange¬ 
ments are different. 
There areseveral types 
and sizes of synchros for 
a variety of purposes. 


SHAFT 



LEADS 


BALL BEARING 


ROTOR 


SYNCHRO TRANSMITTER 
A synchro transmitter is 
composed of two major 
parts; a stator, and a 
rotor, enclosed within a 
dust-proof housing. 



STATOR LEADS 
SI,S2,S3 


BRUSHES 


SLIP RINGS 

ROTOR LEADS 
Rt.R2 


STATOR 

taiside the stator shell are three 
windings or colls, spaced 120° 
apart, and wound into the slots of 
the laminated Iron field. One wire 
is taken from each coil and joined 
to form a "Y" connection, so-called 
because the leads form the three 
spokes of a Y. A lead is soldered 
to the other end of each wlndii^, 
and brought out through a guide 
block on the lower cap. To Identify 
their respective coils, these leads 
are labelled 81, S2, and S3. 

ROTOR 

The rotor consists of a precisely 
shaped soft iron core mounted on 
a shaft, and provided with a single 
winding vdiose axis is coaxial to 
the shaft. Coil ends are secured 
to insulated slip rings mounted on 
the shaft. Two brushes bear upon 
the slip rings when the rotor is 
assembled in the stator. A rotor 
looks like this: 


STATOR ASSEMBLY 


SHELL 



LOWER 

CAP 


SI,S2,S3 LEADS 



SLIP 


BEARING 


BALL 

BEARING 


THREADED 
KEYED END 
OF SHAFT 


ROTOR 


WHAT SYNCHRO TRANSMITTERS AND RECEIVERS DO 


SYNCHRO TRANSMITTERS AND RECEIVERS 
The important feature of synchros is that they are inherently 
"self-positioning" or synchronizing; this explains the name 
synchro. This synchronization can be checked by electrically 
connecting a synchro transmitter with a synchro receiver. 
Identical dials affixed to both shafts will read the same, thus: 

SELF-SYNCHRONIZING CHARACTERISTIC 
They are used at many points in fire control systems to transmit 
information. The transmitter sends out the signal; the receiver 
turns its dial or pilot control correspondingly to position other 
mechanisms. The principle of the synchro arrangement is that 
when the transmitter shaft is turned, the receiver shaft will turn, 
and position a remote mechanism exactly the same amount. 



WHAT SYNCHROS ARE USED FOR 


The s 3 mchro team of 
transmitter and re¬ 
ceiver can be used in 
a number of ways. We 
know it can be used to 
directly position a 
synchro receiver dial 
so the data transmitted 
from one station can 
be read directly by 
reference to a synchro 
receiver dial distant 
from it. 
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For example, a synchro system can be used 
to transmit a training order from a gun di¬ 
rector to a gun. The synchro transmitter, 
mounted in the director and geared to it, 
transmits the movement and position of the 
director. The dial of the synchro receiver 


at the gun constantly indicates the director's 
position. Thus, if the director aimed at A, 
is then trained to B, the synchro receiver 
at the gun will receive and indicate this so 
the gun can be trained until its position 
agrees with the new data. 



SAME 

TARGET 


GUN DIRECTOR 
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ELECTRICAL LINES 


TARGET AS VIEWED 
FROM DIRECTOR 

TARGET AS VIEWED 
FROM GUN STATION 





TRANSMITTERS AND RECEIVERS 


We can use symbols and letters to Identify the synchros, 
and thereby quickly make up or interpret diagrams. By 
means of labelled lines and directional arrows the flow 
of Inputs, outputs, and electrical supply (llS-volt 60-cycle 
AC) can be indicated. Let us label inputs and outputs as: 

M s mechanical 

E ~ electrical supply (llS-volt 60-cycle AC) 

8 « synchro signal (AC voltage) 

We can represent the synchro as an oblong box, with a 
shaft and dial on top. By using the first letter of each 
word comprising the name of the synchro, we have a 
quick means of identification. Thus, ST would represent 
a synchro transmitter, and SR a synchro receiver. By 
placing the proper letters in the synchro box, we can 
readily Identify it. Later we will use other synchro names 
in the same way and Identify the synchro boxes by means 
of their first letters. To Illustrate the use of the dia¬ 
gram and symbols, we would draw the simple synchro 
transmitter and synchro receiver system like this: 


Note how mechanical iiq)ut (setting) feeds Into the synchro 
transmitter. Energized by the electrical siq;>ply, the trans¬ 
mitter causes a synchro signal to be sent to the synchro 
receiver which is also energized, resulting in Identical 
mechanical output at this end of the system. We can set 
a table to show this as: 


SYNCHRO UNIT 

INPUT 

OUTPUT 

Transmitter 
(or Generator) 

Electrical 

and 

Mechanical 

Synchro 

Receiver 
(or Motor) 

Electrical 

and 

Simchro 

Mechanical 



As long as power is supplied, 
both dials will read the same, 
the synchro receiver following 
changes made to the synchro 
transmitter setting. With the 
power disconnected synchros 
become independent of each 
other. If we set the synchro 
transmitter to any selected 
reading, and now apply power, 
the synchro receiver will then 
respond immediately to show 
this particular setting of the 
synchro transmitter. 


This re^nslve action 
takes place because the 
pair of synchros with 


wires Joining them to 
carry the signals, and 
other wires to a power 


source to energize the 
circuit, comprises an 
electrical system. 


VOLTAOE 
APPLIED • 
HERE • 



THE 
OUTPUT VOLTAGt 
BETWEEN 

:these leads 
CHANCE 



THE RESPONSE CAUSES 
TO CHANGE IN 
EUCTRICW. 

VALUES 


VOLTAGE 

APPUED 

HERE 


SHAFT 
TOTWNTO 
ALIGNMENT 
WITH 



The synchro system 
acts similarly to a 
pair of identical pul¬ 
leys connected with a 
belt, like this: 



A synchro system can be designed 
to make or break electrical control 
circuits, whereby contacts can be 
used to control electrical equipment. 
Such contacts range from snap- 
action make-and-break to sliding 
or wiper blade types in an extensive 
number of combinations anddesigns. 


MAKE-BREAK 
A-B, 
B-C OR 
A-B-C 


SIMPLE TWO CONTACT MAKE-BREAK 
contact 



WIPER 

BLADES 


WIPER OR 
SLIDING 
CONTACT 



SYNCHRO 


HYDRAULIC 
PILOT VALVE 


Synchros can do light work, 
such as operate or position 
pilot valves to control hy¬ 
draulic equipment. 

Synchros provide the most 
versatile form of remote con¬ 
trol, and are used to operate 
or pilot operation of many 
kinds of equipment. 
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SYNCHROS 


HOW 

SYNCHROS 

WORK 


Electrical theory will be discussed here only to provide 
the elementary concept, omitting complex variations vdiich 
will be taken \q> in the section devoted to AC electricity. 
The rotor and stator windings of a synchro transmitter, 
and of a synchro receiver, may be diagrammed this way: 



Note that each stator coil, depicted as an entity, actually 
represents all the wire which was wound in a number (d 
slots. Synchro operation is based iq>on the transformer 
principle, involving a primary and secondary, as repre¬ 
sented by the synchro rotor and stator. Rotor and stator are 
diagrammed to show the relationship, so it can be seen 
that when an alternating current is passed through the 
rotor winding, it sets up a changing primary magnetic 
field. Lines of force in this field cut through the stator 
coils, inducing a secondary voltage in each coll, depending 
iq>on the rotor coil position in relation to each stator coil. 


On an eiqperimental synchro, a voltmeter could be con¬ 
nected across each coil, and individual voltages read, 
but on a standard synchro only the SI, S2, and SS leads 
are available. Thus it is necessary to read the effective 
voltage by using a voltmeter across any two of the S 
leads (because of the Y connection), which involves reading 
the voltage of two stator coils. Effective voltage may 
consist of a plus and a minua voltage. For exaii 4 )le, a 
•f52 voltage Induced in one coil combined with a —26 
voltage in another would give an effective voltage reading 
comprised of the sum of the two voltages; that is, 78 
volts. When 115 volts AC is siqiplied to a rotor coil, 
with the rotor in the position shown, lines of force in the 
magnetic field set up by the rotor will flow in the direc¬ 
tions indicated by the arrows. Both sides of the field cut 
the 82 winding, while only one side of the field cuts the 
S3 winding and the 81 winding. A force of 26 volts is 
induced in the 81 winding because it is cut by only one 
side of the magnetic field, vdiereas the 82 winding (cut 



A transmitter or receiver stator coil will attain a maxi¬ 
mum of 52 volts when the rotor coil Is in line with it (shaft 
in 0 degree position), and a decreasing voltage as the rotor 
turns away, until at 90* it reaches 0 volt. Current used 
to energize the rotor is single phase, 115 volt, 60 cycle 


AC. Polarity will change 120 times a second, 60 times 
negative and 60 times positive. A rotor, therefore, de¬ 
pending upon its coil polarity, may be in phase or 180* 
out of phase with the stator coll. A stator coil is in phase 
when the coil windings are in reverse of each other. A 
graph plotted to show the voltage induced in a stator coil 
by a rotor making a complete revolution, would a{q[>ear as 
■illustrated at the left. 



The simplest synchro system is one comprising synchro 
transmitter and a synchro receiver, connected to each 
other electrically, and to a power source, like this: 
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by both sides of the magnetic field) has 52 volts induced 
in it. As the stator coils are Y-connected, the 52 volts 
from S2 add to the 26 volts from the SI winding, so when 
measured across the SI and S2 leads, the total effective 
reading is 78 volts. In addition to indicating the paths 
of the rotor field, the arrows on the diagram indicate the 
phase relationship of the three Y>connected stator coils. 
Where the arrows passing through a stator coil point 
away from the rotor, the coil voltage is in phase with the 
R1-R2 voltage. When arrows through a coil point toward 
the rotor, that coil voltage Is out of phase with the R1-R2 
voltage. When combining the voltage of two coils that are 
both in phase, or both out of phase, the connections are 
such that the effective voltage is the ditterence between 
the two voltages. When combining the voltages of a coil 
in phase and a coil out of phase, the effective voltage is 
the sum of two voltages. If means were available to read 
the voltage of each stator coil, these readings would be 
as shown in the illustration below. 


When voltage across Sl-SS is zero, and voltage across 
S2-S3 is 78 and in phase with the R1-R2 voltage, the rotor 
position is known as ELECTRICAL ZERO. This position 
is used in inHtaiigHnn^ testing, and setting a synchro. 

H the rotor of the synchro transmitter is now turned 
through 60^, as shown below, the S3 winding will now have 
52 volts induced in its winding, since both sides of the 
magnetic field cut this winding. The 81 and S2 windings 
have 26 volts induced in each. This shows that change in 
rotor position changes the voltages of the stator coils. 
No matter what position to which the synchro shaft is 
turned, voltages are induced in the stator coils. As a 
result, voltages ^pear between leads for any position 
it may assume. 

When the synchro receiver rotor is energized, voltages 
are induced in its stator coils in the same way as the 
synchro transmitter rotor since, electrically, the two 
synchros are identical in construction. 



Electrically, the two synchro units are Identical. The 
rotor shaft of the synchro transmitter is geared to (and 
its motion controlled by) some large unit. When the syn¬ 
chro transmitter rotor is turned by movement ofthe la^e 
unit the synchro receiver shaft and rotor will follow and 
accurately assume the new position if power is on. If 
power is off, and the ssmchro transmitter shaft is moved 
to a new position, the synchro receiver is not activated. 
When power is restored, the synchro receiver shaft will 
turn to assume the position of the synchro transmitter 
shaft, turning because of the electrical unbalance. The 
synchro receiver shaft will turn until the voltages induced 
in its windings are the same as those induced in the syn¬ 
chro transmitter windings, and then, in a state of balance, 
there will be practically no further current flow. (As In 
the case of any transformer, primary windings draw some 
current even with no load on the secondary, and this slight 
current draw supplies losses and rotor magnetism. 


Change of synchro transmitter rotor shaft position causes 
an electrical unbalance, and a current flow, the currents 
being strongest when voltage unbalance isgreatest. These 
currents in the synchro receiver stator coils provide an 
attractive force (torque) to turn the synchro receiver rotor 
towardthesame position as the synchro transmitter rotor. 
Using the symbols used previously, we can show this as: 


LARGE UNIT PROVIDES MECHANICAL INPUT, OR WE CAN PUT IT IN 

WITH A HANOCRANK 
MECHANICAL OUTPUT HERE 
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SYNCHROS 


HOW TORQUE AFFECTS SYNCHROS 


MEASUREMENT OF TORQUE 

Torque, in a motor, Is simply a measure of how 
much load it can tumor "lift". On small motors 
and synchro receivers, torque is measured in 
inch-ounces. A simple way to determine torque 
is to wrap a cord around a pulley secured to the 
shaft, and then add washers or small weights 
until the total weight is such that the motor is 
not capable of liftii^ the load, like this: 


MEASXntE OF PERFORMANCE 

The radius of the pulley in inches multiplied by 
the balance weight in ounces gives the torque 
of the motor in inch-ounces. A 4-inch-diameter 
pulley loaded with a 3-ounce balance weight, 
would have the same inch-ounce rating as a 6- 
inch pulley loaded with a 2-ounce weight. To 
provide a measure of performance, synchros are 
rated at maximum permissible load values. 





UNIT TORQUE GRADIENT 

Specifications in catalogs and handbooks cover¬ 
ing synchros list a rating called UNIT TORQUE 
GRADIENT. This rating refers to the inch-ounce 
per one degree difference in the synchro shaft 
position, when the synchro transmitter and the 
synchro receiver in a system are of the same 
size and construction. 

Currents in the synchro transmitter stator coils 
cause a pull on the rotor, and the rotor tries to 


turn back toward the receiver's position. As the 
synchro transmitter shaft is geared to some 
large piece of equipment which the transmitter 
is not capable of moving, its rotor may be con¬ 
sidered as locked in whatever position is dictated 
by the mechanical input. If measurements were 
made, the "pull" exerted by the synchro receiver 
on the synchro transmitter would be shown as a 
small but definite load on the large drive unit. 
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FACTORS AFFECTING 
SYNCHRO SYSTEM ACCURACY 

The accuracy of a synchro system is probably 
its most important characteristic. Accuracy is 
determined by bow nearly the shaft of the synchro 
receiver matches the position of the synchro 
transmitter shaft. A synchro transmitter and 
synchro receiver (or receivers) are generally 
connected for standard operation by having all 
similarly marked terminals joined, as SI to SI, 
S2 to S2, etc. A synchro receiver can be made 
to operate so its shaft will turn in the direction 
opposite from that of the synchro transmitter, 
by connecting receiver terminal SI to SS of the 
transmitter, and receiver S3 to transmitter SI. 
Connected in this way, and with both transmitter 
and receiver initially set at 0, if the transmitter 
is turned counterclockwise 60*’, the receiver shaft 
will turn clockwise to 300*', because maximum 
current flow is supplied to coil 3. The position 
of the receiver shaft can be determined by sub> 
tractlng the transmitter position from 360°, as 
shown in the illustrations at the right. 



STANDARD HOOK-UP 

SYNCHRO RECEIVER SHAFT FOLLOWS TRANSMITTER 
SHAFT MOVEMENT 



DIRECTION TO TRANSMITTER SHAFT 


o o 



OPERATION OF DIALS WITH REVERSE HOOK-UP 


OPERATION OF DIALS WITH REVERSE HOOK-UP 

The S1-S3 leads are the only leads ever interchanged in a standard synchro system. Inter¬ 
changing other pairs of S leads would introduce 120° changes in readings. Some friction in the 
synchro receiver is always present, regardless of how carefully it is designed and constructed. 
To overcome the drag of this friction, some torque must be present in the receiver. Since no 
torque is produced when the receiver is in the same position as the transmitter, it must lag 
slightly, and thus accuracy can never be perfect. To reduce friction to a minimum the ball 
bearings used on receivers are selected with extreme care, and lubricated with high grade 
light oil. Friction on the transmitter shaft does not affect the system's accuracy; it merely 
increases the power load on the large unit to which it is geared. Grease lubricated bearings 
are often used on transmitters. In the manufacture of synchros, it is common practice to select 
for receivers only those units having Hner tolerances. 


SS1209 O • 60 • 
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SYNCHROS 


ONE TRANSMITTER 
CAN DRIVE 
MANY RECEIVERS 


One large synchro transmitter may be used to 
drive a number of small synchro receivers con¬ 
nected in parallel, if the In^iedance of the 
transmitter stator windings is low enough to 
8\q>ply the current necessary to activate all the 
receivers without excessive voltage drc^. 



-S2—► 

-S3—► 

TO OTHER 
SMALL 
SYNCHRO 
RECEIVERS 


-R2-► 


- -Rl 


H one synchro receiver has to supply more torque than 
the others, its shaft will lag further behind the trans¬ 
mitter's, producing less opposing voltage in its stator 
colls, and therefore It draws more current than other 
receivers. This increased current will lower the synchro 
transmitter's ou^t voltage, causing the other receivers 
to lag more than before. For accuracy, it is essential 


that the synchro transmitter have low inqMdance (a high 
Unit Torque Gradient), and that the load on each synchro 
receiver be as low as possible. Equal loads are im¬ 
portant. hi the multiple system, any unnecessary load 
on any one synchro receiver affects the accuracy of the 
entire system. Using our box diagram and symbols, we 
could show the action like this: 



We can appreciate the advantage of a synchro system 
when we consider that the moment a signal is fed into 
the synchro transmitter, this data Is immediately and 
simultaneously transmitted to all receiver stations, 
regardless of bow remote or isolated each may be from 
the others on shipboard. Another advantage, from the 
military stanc^int, is that the knocking out of a receiver 
station will not interfere with the operation of the re¬ 
maining units of the system. 
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THE INERTIA DAMPER 


The synchro is similar to the small AC motor 
andflike such a motor, the synchro receiver 
(under certain conditions) had a tendency to spin 
continuously or "take off' at high speed. This 
is likely to hi 4 )pen when power is first ^lied 
to the system, and its shaft is suddenly turned. 
To prevent spinning, a device called an inertia 
damper is mounted on the output end of the re¬ 
ceiver shaft, under the upper ci^), like this: 



The inertia damper consists of a relatively 
heavy flywheel with slot, mounted on a ball 
bearing. The flyvdieel turns freely on the shaft 
for about 45**; then, an edge of the slot strikes 
the key of a bushing. This bushing, riding on 
the shaft, is under pressure exerted by a spring 
and friction disk, so that it turns on the shaft 
with considerable friction. A typical damper 
would look like this: 


Gradual changes in shaft position allow the in¬ 
ertia damper to follow without much effect. 
However, if the shaft is turned suddenly, the 
flywheel tends to stand still, and the friction 
disk then acts as a brake. The friction slows 
down the motion of the shaft, normally pre¬ 
venting it from going fast enough to start 
oscillating or spinning. H spinning occurs, it 
indicates something Is wrong with the damper, 
or that a transmitter has been used in place of 
a receiver. In an emergency, a synchro re¬ 
ceiver can be used as a synchro transmitter 
if a replacement transmitter is not available. 
But a synchro transmitter can not be used as a 
synchro receiver. Having no inertia damper, 
the synchro transmitter would oscillate or 
spin. Synchro transmitters, turned by gearing 
from a large unit, st(qp as soon as mechanical 
li^ut ceases, and require no dampers. 


KEYED 




SPRING PUSHES 
FRICTION DISK AGAINST 
KEYED BUSHING 
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SYNCHROS 


The usefulness of a ssmchro system is greatly increased 
by the addition of another member of the synchro family, 
the synchro differential. 


SYNCHRO 


HOW THEY ARE BUILT 


CONSTRUCTION OF STATOR 


CONSTRUCTION OF ROTOR 


The stator of a synchro dlflerential is similar to that used 
in the ordinary synchro, consisting of three sets of coils 
wound in slots equally spaced around the inside of the 
field structure. Coils are Y^connected, with leads 
brought out and labelled SI, S2, and S3 to identify the 
colls they serve. 


STATOR 

COILS 


SLOTS 



SI S2 S3 


It It 
u U U 
Rl R2R3 


MOUNTING 

FLANGES 


STATOR LEADS TO BRUSHES 
LEADS FOR CONTACT WITH 
ROTOR SLIP RINGS 


A synchro differential rotor is entirely different from 
that of the synchro transmitter or synchro receiver. It 
is cylindrical in form and similar to the stator in having 
three sets of Y-connected colls wound in slots. Three 
insulated slip rings are secured to one end of the shaft. 
Brushes in the stator assembly make connection with the 
slip rings, leads being out and labelled Rl, R2, and R3 
for identification. 



HOW THE SYNCHRO DIFFERENTIAL WORKS 


The synchro differential is designed on the principle of 
a transformer wound for a one-to-one voltage ratio, when 
the rotor coils are lined up with corresponding stator 
coils. In operation, the synchro differential acts as an 
"electrical valve", through the coupling of its rotor to 


stator brought about by the positioning of the rotor shaft. 
If we use our symbols and diagram a synchro differential 
transmitter and a synchro differential receiver, we will 
have a quick means of indicating their functions and 
their differences. 

Another way of indicating difference 
is to tabulate the data like this: 


MECHANICAL ^MECHANICAL POMPAWT^ON 

t - INPUT OUTPUT COMPARISON 

1 

* 

1 1 

_ 

SYNCHRO UNIT 

INPUTS 

OUTPUT 

SOf; 


i B 

Differential 

Transmitter 

Synchro Signal 
and 

Mechanical 

Synchro Signal 

SYNCHRO—J ^OUTPUT SYNCHRO—^ ^—SYNCHRO Differential 

SIGNAL SYNCHRO SIGNAL SIGNAL 

INPUT SIGNAL INPUT INPUT Receiver 

Synchro Signal 
and 

Synchro Signal 

Mechanical 


no 
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DIFFERENTIALS 


TYPES OF DIFFERENTIALS 


We found synchro transmitters and synchro receivers 
were the same electrically, the difference being in their 
applications. This similarity also applies to the synchro 
differential, for there are synchro differential trane> 
mitters and synchro differential receivers. A synchro 
differential transmitter is always used in a position where 
its shaft is driven by some large unit, so no damper is 
required. As a driven unit, the bearings are often grease- 
lubricated since friction is not critically important. A 
synchro differential receiver is used in a position where 


its shaft drives something (an indicator, a dial, or a 
switch) so a damper is a definite requirement. Their 
shafts must be prevented from spinning, "taking off", or 
oscillating. Friction being a critical factor because of 
accuracy requirements, the shafts are mounted on ball 
bearings and lubricated with the highest grade of light 
oil. Outwardly the synchro differential receiver and the 
synchro differential transmitter look alike. The receiver 
has a damper enclosed within its end bell, but, because of 
the typical sealed construction, it is not visible. 


DAMPER ENCLOSED 
WITHIN END BELL 



SYNCHRO 

DIFFERENTIAL 


BALL BEARINGS 
LUBRICATED WITH 
HIGH GRADE OIL 


MECHANICAL 

OUTPUT 


NO DAMPER BALL BEARINGS 

WITHIN END BELL LUBRICATED 



SYNCHRO MECHANICAL 


DIFFERENTIAL INPUT 


RECEIVER 


TRANSMITTER 


DIFFERENTIAL TRANSMITTER 


TYPICAL USE FOR SYNCHRO 

An example of the use of a synchro team, using a differ¬ 
ential transmitter, is found in star shell fire. The main 
gun elevation is computed, the data mechanically cranked 
into the synchro differential transmitter as E'gn. 
Correction signal E'Jn is sent by the synchro transmitter 


and the values make up the output signal transmitted to the 
synchro receiver at the gun as elevation order E'gjn. The 
gun can be elevated Independently of the director when 
optical elevating or manual operation are deemed advis¬ 
able, and switched to director control when required. 


MECHANICAL INPUT 


MECHANICAL INPUT 


STAR SHELL 
GUN 


MAIN 

GUN 

ELEVATION 

SIGNAL 



MECHANICAL 

OUTPUT 

ELEVATION 

ORDER 

E’gjn 


ni 
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SYNCHROS 


SYNCHRO DIFFERENTIALS 


RULES FOR SYNCHRO DIFFERENTIAL TRANSMITTER WITH VARIOUS CONNECTIONS 

All the connections that may be used In a standard syn> 
chro system involving a ssmcbro differential transmitter 
are indicated below, with the corresponding relationship 
between shaft positions. 


CONNECTIONS 


POSITIONS OF SR SHAFT (C) IN DEGREES, 
AS SHOWN BELOW: 



1. Sum of iiq)iits A 4 B if in opposite direc¬ 
tions, C turning in same direction as A. 

2. DlHerence between inputs A 4 B, if In 
same direction, C turning in same direction 
as A. 


1. Sum of iiq>uts A 4 B if in same direction, 
C turning in same direction as A. 

2. Difference between liq>uts A 4 B if in 
opposite directions, C turning in same 
direction as A. 




1. Sum of ii^uts A 4 B if in same direction, 
C turning in q;)poBite direction to A. 

2. Difference between iiqnits A 4 B if in 
opposite directions, C turning in the oppo¬ 
site direction to A. 




115 VAC 
SUPPLY 



S 

1^/ \Ri 



szj 


✓ sz/ 

L 3 


< ^ 1 5R 

^ R2 





DIFFERENTIAL ROTOR REVERSED 


. \ ^>1. Sum of izg>uts A4B if in opposite dlrec- 
j I ^ tions, C turning in opposite direction to A. 

J ^ 2. Difference between inputs A 4 B if in 
^ ^ same direction, C turning in opposite dlrec- 

^ tlon to A. 
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RULES FOR SYNCHRO DIFFERENTIAL RECEIVER WITH STRAIGHT OR REVERSE ROTOR WIRINQ 

The relatioiish4)s between shaft positions of a synchro 
differential receiver and a pair of synchro transmitters, 
when the differential rotor is wired straight or reversed 
to the secwd transmitter, are indicated below: 


CONNECTIONS 


1 


POSITIONS OF SDR SHAFT (B) IN DE¬ 
GREES, AS SHOWN BELOW: 


nsvAc 

SUPPLY 



115 VAC 
SUPPLY 






fm 

kI 



SOR 



SI 

mm 

n 

wm 



DIRECT CONNECTED 

n 

B 




)sm 

mi 

fm 




DIFFERENTIAL ROTOR REVERSED 


1. U A ft C turn in same direction, B will 
turn in reverse directicm and indicate dif¬ 
ference between A ft C inputs. 

2. H A ft C turn in opposite directions, B 
will turn in same directlcm as A and indi¬ 
cate sum of A ft C iigmts. 



1. H A ft C turn in same direction, B will 
turn in same direction and indicate sum of 
A ft C iigrats. 

2. H A ft C turn in opposite directions, B 
will turn in same directicm as C and indi¬ 
cate difference between A ft C ijqnits. 
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SYNCHROS 


SYNCHRO CONTROL TRANSFORMER 


HOW IT IS BUILT 


The stator of a synchro control transformer looks Just 
about the same as the stators of other synchros, except 
its coils are wound with finer wire and have many turns 
so that the coils have a higher lnq)edance. 



STATOR 


WHAT THE SYNCHRO 
CONTROL TRANSFORMER DOES 


The synchro transmitter and synchro receiver, used as 
a team, offer a sensitive control where a mechanical 
output is required. Usefulness of this team is increased 
if a synchro differential (transmitter or receiver) is 
added, for the differential of the mechanical and electri> 
cal inputs can be used to control equipment. However, 
due to Inherent inadequacies created by voltage vari¬ 
ance and magnetic and friction losses, only moderate 
accuracy is provided. This moderate degree of accuracy 
is adequate for many ^plications, but where extreme 
accuracy is essential the differential team is avoided and 


replaced by a team comprised of a synchro transmitter 
and a synchro control transformer. 

As the shafts of the synchro control transformer and the 
synchro transmitter are both turned by something, they 
are driven units. The synchro transmitter, powered by 
line current (£), sends out a synchro signal (S). The 
83mchro control transformer receives a 83mchro signal 
(S) and gives a small variable AC voltage output. 

We can employ our symbols and use a diagram for the 
synchro control transformer and the sjrnchro transmitter 
to obtain a visual comparison of their attributes, as: 
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While the rotor of the synchro control transformer looks 
very much like a synchro differential rotor, it is actually 
quite different. The colls are wound in slots but in place 
of being wired into three groiq>s, the coils of the synchro 
control transformer are connected in series, with the two 
ends soldered to a pair of slip rings. The coils are wound 
with many turns of fine wire, the turns ratio being such 
that a maximum of 55 voUs is induced in the rotor with 
normal stator voltage. As the rotor connections are never 
connected to the AC 6iq)ply, the rotor does not Induce 
voltage in the stator coils. 


The synchro control transformer is built so that its 
"Electrical Zero" position is different from that of a 
synchro transmitter or synchro receiver. The diagram 
clearly shows the conq>ari8on between the two. On a 
synchro control transformer, the position where minimum 
voltage is induced in the rotor by coil number 2 (S2) is 
chosen as the electrical zero position. In this position 
the rotor coils act as if they were concentrated in one 
coil wound like this: 




ROTOR ROTOR 


M 

INPUT 




ST 


JI. 


(115 VOLT AC 
SUPPLY) 


(SYNCHRO SIGNAL 
AC VOLTAGE) 
OUTPUT 


M 

INPUT 


SCT 


. J1 

(SYNCHRO 

SIGNAL) 

INPUT 

(SMALL VARIABLE 

AC VOLTAGE) 

OUTPUT 



COMPARISON 


SYNCHRO 

INPUT 

OUTPUT 

Synchro 

Transmitter 

Electrical (115 voU AC) 
Mechanical 

Synchro Signal 
(AC voltage) 

Synchro 

Control 

Transformer | 

Synchro Signal (AC voltage) 
Mechanical 

Small Variable 
AC Voltage (e) 
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SYNCHROS 


WHAT THE SYNCHRO CONTROL TRANSFORMER IS USED FOR 


Assume a synchro team la required to train a gun and 
that a synchro transmitter will be used with a synchro 
control transformer for this purpose. The synchro trans¬ 
mitter rotor receives power from the AC siq^ly. The 
(^erator will crank in, as a mechanical iiq>ut, a particular 
setting. This will cause the synchro transmitter stator 
to transmit a specific primary voltage to the synchro 
control transformer stator and, In turn, induce secondary 
voltage In the rotor winding of the synchro control trans¬ 
former. This secondary voltage, transmitted over leads 
R1 and R2, Is used by the power amplifier to control the 
(^eratlon of the drive motor for the training of the gun. 
The gun mount, In turn, Is geared to the rotor of the 
synchro control transformer to provide the mechanical 
response. When the rotor of the synchro control trans¬ 


former has been turned by response to an amount equal 
to the signal from the synchro transmitter, the ou^ut 
voltage from the synchro control transformer drops to 
zero, and the signal to the anq;)llfler ceases. This causes 
the power motor to cease operation. Thus the gun has 
been trained to correspond to the original signal cranked 
Into the system. 

In a similar manner a gun can be elevated or depressed, 
a searchlight directed, or similar equ^ment controlled, 
moved, or aimed. In practice, the rotation of the gun, or 
searchlight, can be regarded as simultaneous with the 
transmission of the signal. The synchro control trans¬ 
former rotor Is brought into correq>ondence within a 
fraction of a second after mechanical liqnit to the synchro 
transmitter stops. 


MECHANICAL 



USING A SYNCHRO CONTROL TRANSFORMER AND A SYNCHRO RECEIVER ON THE SAME LINE 


A synchro receiver can be added to a sjrnchro control 
transformer system and wired so that It receives the 
same signals transmitted to the synchro control trans¬ 
former. The synchro control transformer and the synchro 
receiver have separate positioning mechanisms. Rotation 
of the synchro control transformer rotor by the response 
has no effect iq)on the operation of the synchro receiver, 
since the position of the sjrnchro control transformer 
rotor has practically no effect upon the currents that 


flow In the synchro control transformer stator colls. 
When the synchro control transformer rotor Is turned 
by the response, there Is no "kickback" to the system. 
Therefore, if power is shut off at the amplifier, and the 
gun, normally controlled by the synchro control trans¬ 
former, is positioned manually, the resulting rotation 
of the synchro control transformer rotor will not affect 
other synchro control transformers or synchro receivers 
connected to the same line. 


MECHANICAL DIAL FOR 
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HOW THE SYNCHRO CONTROL TRANSFORMER WORKS 


stator current depends upon only the Inqiedance of its 
windings, and is not aj^reciably affected by the rotor's 
positicm. There is no ^preciable current in the rotor, 
nor does it tend to turn to any particular position when 
voltages are aj^Ued to the stator. Whatever the position 
of the rotor, the transformer rotor windings are so 
arranged that currents induced do not affect the currents 
that flow in the stator. 

The transformer shaft is always turned by something, 
generally by response gearing from the mechanism being 
controlled, so that the variance in coigillng will produce 


the required varsrlng output voltages from the rotor wind¬ 
ing. As it is a driven unit, it requires no internal damper. 
Because a synchro control transformer rotor does not 
turn in signalling a mechanism, rotor bearing friction 
does not affect the signal. 

While the windings are wound equally around the rotor 
in slots, they act as if they were aj^lied in a narrow 
band. A synchro transmitter rotor, in the 0* position 
lined vp with stator coil S2 and the rotor of a synchro 
control transformer, also in the 0” position, may be dia¬ 
grammed to show comparative coil effects, like this: 


The rotor colls of the synchro control transformer act 
as though they were concentrated in (we coll. On a syn¬ 
chro control transformer, the position where minimum 
voltage is induced in the rotor by coil S2 is chosen as the 
"electrical zero" position. Note that when the rotor coil 
of the synchro transmitter is in the "electrical zero" 
position, its coil lines up with stator S2, but when the 
rotor coll of a synchro control transformer is in zero 
poslticm, its coil lies in a plane 90" to its stator coll, S2. 


S2 S2 



ROTOR ROTOR 


CORRESPONDENCE 

When a synchro control transformer rotor coil lies at 
right angles to a synchro transmitter rotor coil, they 
are said to be in "correspondence". H the synchro trans¬ 
mitter rotor is moved SO" from its 0" position, the two 
rotors will be brought into correspondence if the synchro 
control transformer rotor is also moved SO", bringing the 
rotor colls to a right angle with each other. 



At the point of synchronism, the rotor of a synchro re¬ 
ceiver takes a position which induces pr(q;ier maximiifn 
voltages in its stator colls, equal to and (^)poslte voltages 
produced by rotation of the synchro transmitter rotor. 
When the rotor of a synchro control transformer is turned 


by response until it is in correspondence with the rotor of 
the synchro transmitter, the voltage falls almost to zero. 
The hook-iq) of a synchro transmitter and a synchro 
control transformer in correq[>ondence at 0" position, 
is Hkg this: 



SYNCHRO TRANSMITTER 


SYNCHRO CONTROL TRANSFORMER 


Note that the synchro ccmtrol transformer rotor is NOT connected to the power supply; 
the leads carrying the small variable AC voltage generally go to a power amplifier. 
The power amplifier controls a power motor to position the gun or searchlight, and 
this equipment, in turn, is geared to rotor of the synchro control transformer to 
give a mechanical response. 
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SYNCHROS 


HOW THE TRANSFORMER WORKS 


BIAGNETIC FIELDS 


The magnetic field set ^ the rotor of a synchro 
transmitter, when supplied with 115 volts AC, cuts the 
stator windings, and induces voltages which, transmitted 
to the synchro control transformer stator windings, 
induce a similar magnetic field. U the rotor of the 
synchro transmitter is turned clockwise, it causes the 
field to rotate in the same direction. Because the syn¬ 
chro control transformer field is set tq> by the 83 mchro 


transmitter, the synchro control transformer field will 
turn clockwise by an equal amount. Rotating the synchro 
transmitter rotor counterclockwise causes both fields 
to rotate counterclockwise an equal amount. The synchro 
control transformer field movement depends upon the 
orientation of the synchro transmitter rotor, and will 
take place regardless of the position of the synchro 
control transformer rotor. 


SYNCHRO 

TRANSMITTER 


SYNCHRO 

CONTROL TRANSFORMER 
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VOLTAGE OF ROTOR LEADS 


With the synchro control transformer and synchro 
transmitter rotors In correspondence, a voltmeter will 
Indicate almost zero. Actually there will be from 0.03 
to 0.3 volt across the synchro control transformer 
leads, R1 and R2. In this position, lines of force (or flux) 
do not cut the coils, and only a minimum of voltage, due 
to small eddy currents, is produced. When the field is 
turned 10*, approximately 10 volts will be measured 
across the R1 and R2 leads. With the field turned 60*, 
voltage will be approximately 45 volts, while at 90*, 
voltage will be approximately 55 volts, the maximum 
voltage which can be induced in the transformer rotor 
winding. From this point (90*), continued turning of the 
Reid will result in decreasing voltage until, at 180*, the 
transformer output is minimum. At this point, the coils 
of the rotor winding are again parallel to the lines of 
force of the stator Reid, and the transformer rotor is 
again in correspondence. 


Further turning will bring an Increase in voltage until, 
at 270*, it will reach its maximum of 55 volts. At 360* 
(or 0*), output voltage is again at minimum. Thus, there 
are two points in the rotation of the field (0* and 180*) 
at which output voltage from the transformer rotor is at 
a minimum, and two points midway from these (90* and 
270*) at which voltage is maximum. Rotating the field 
clockwise or counterclockwise from either the 0* or 
180*, will give the same voltages, regardless of the 
direction in which the field is rotated. 

Thus, when rotors ARE IN CORRESPONDENCE, there is 
aMlNIMUM VOLTAGE across the synchro control trans¬ 
former rotor leads. Minimum voltage is the lowest 
voltage (fotainable; zero voltage is unattainable. 

When rotors are NOT IN CORRESPONDENCE, there is 
MORE than minimum voltage across the synchro control 
transformer rotor leads, the amount depending upon the 
field position. 


U. I 
li- “ 
uj ac 



IN PHASE 
WITH RI-R2 
ON SYN. TRANS. 


OUT OF PHASE 
WITH RI-R2 
ON SYN.TRANS. 


POLARITT OF ROTOR LEADS 


Position of magnetic fields in relation to the rotor zero 
position determines the polarity of the synchro control 
transformer rotor leads. Polarity will change as the 
field is rotated through the two points of correspondence 
(0* and 180*) which lie 180* apart. At the 0* and 180* 
positions, the transformer rotor lies parallel to the path 
taken by the lines of force and, therefore, there will be 
no volt^e across the synchro transformer rotor leads 
R1 and R2, and of course, no polarity. 

Turning the synchro transmitter rotor clockwise from this 
0* position will cause both fields to turn clockwise, and 
will cause a voltage to be set up across synchro control 
transformer rotor leads R1 and R2. If, at agiven instant, 
polarity of this voltage is positive when the enei^izing 
voltage to the synchro transmitter rotor is positive, then 

POLARITY VARIANCE 

Polarity of synchro control transformer output voltage is 
determined by the position of the magnetic fields in 
relatimi to rotor 0* position. The output of a synchro 
control transformer is a voltage which varies in magnitude, 
and shifts polarity with the deviation of the synchro control 
transformer rotor from the position of correspondence. 
This output is a signal which can be amplified by means 
of a follow-up, and used to position mechanisms. We 
have found that when synchro control transformer stator 
colls are energized by the synchro transmitter, they 
merely induce voltage in the rotor, but do not turn it. It 
is this voltage, not rotor movement, which, transmitted 
to the amplifier, causes the drive motor to operate and 
thus provide motim to the mechanism. 


synchro control transformer rotor lead R1 is plus when 
synchro transmitter rotor lead R1 is plus. This induced 
voltage across the synchro control transformer rotor 
leads is in phase with the AC suK>ly to the synchro 
transmitter rotor. 

When the synchro transmitter rotor is turned counter¬ 
clockwise from the rotor 0* position, the voltage across 
synchro control transformer rotor leads R1 and R2 will 
be negative at the Instant the energizing voltage applied 
to the synchro transmitter rotor is positive. Voltage from 
synchro control transformer rotor leads R1 and R2 will 
be 180* out of phase with the AC voltage from synchro 
transmitter rotor leads R1 and R2. The polarity of 
synchro control transformer rotor lead R1 is now minus 
when synchro transmitter rotor lead R1 is plus. 

TURNING SYNCHRO TRANSMITTER MOTOR 
The turning of the synchro transmitter rotor causes four 
things to happen in the synchro control transformer: 

1. The magnetic fields in the synchro transmitter and 
the synchro control transformer are caused to rotate 

2. Voltages are induced in the synchro control trans¬ 
former rotor 

3. Polarity of the synchro control transformer rotor 
leads, with respect to voUage energizing the synchro 
transmitter rotor, becomes established 

4. Response gearing rotates the synchro control trans¬ 
former rotor toward the position of correspondence. 


Digitized by LjOOQie 


119 





SYNCHROS 


SYNCHRO CAPACITORS 


HOW THEY ARE MADE 


Synchro capacitors are designed to do only the job for which they are 
specifically intended. They are manufactured to exacting specifications 
and close tolerances, using the highest grade of paper and foil. After 
testing, three capacitors are selectively matched so they are individually 
within less than 1 percent value of each other. This matching is of parti¬ 
cular importance because it aUects current balance and must be correct 
if it is to keep the synchro system accurate. Total capacitance of the 
trio of capacitors forming the unit is held within 10 percent of rated value. 


A typical navy standard synchro capaci¬ 
tor, consisting of the three matched 
capacitors sealed in a case, looks 
something like this: 



WHAT THE SYNCHRO CAPACITOR DOES 


In subsequent electrical theory lessons, it will 
be brought out that electrical colls (Aether 
they are coils in solenoids, relays, or synchros) 
are highly Inductive and that current flow 
through them is comprised of what for ccmven- 
ience is called loss current and magnetizing 


current. The effective value of total current is 
somewhat less than the sum of these two values. 
Actually the role of the synchro capacitor is to 
cancel the magnetizing current, so that the line 
current, or current draw, will simply be the 
loss current of the coll. 


USES FOR SYNCHRO CAPACITORS 


USING A SYNCHRO CAPACITOR WITH A 
SYNCHRO CONTROL TRANSFORMER 

When the right synchro capacitor was added, 
the draw inq)osed tq)on a ssmchro transmitter 
by a ssmchro control transformer was reduced 
from 32 ma to 10 ma. 


SYNCHRO 

CAPACITOR 


II5VAC 

SUPPLY 



nSVAC 

SUPPLY 


USING A SYNCHRO CAPACITOR IN A SYNCHRO 
TRANSMITTER, SYNCHRO DIFFERENTIAL, 
AND SYNCHRO RECEIVER SYSTEM. 

Because the synchro differential draws current 
from the synchro transmitter and synchro re¬ 
ceiver stators, their rotor currents are hif^er 
than normal. Since this current draw is largely 
magnetizing current, it can be greatly reduced 
by introducing the prefer synchro capacitor 
across the synchro differential stator leads. 
By decreasing current draw, effective ou^ut is 
increased, resulting in better balance and de¬ 
crease in synchro receiver current draw. Error 
in synchro receiver position is reduced by 
some 10 percent. 


USING SYNCHRO CAPACITORS IN A SYNCHRO 
TRANSMITTER, SYNCHRO DIFFERENTIAL, 
AND SYNCHRO CONTROL TRANSFORMER 
SYSTEM. 

Both these associated units impose high c\irrent 
draw on the synchro transmitter. Proper cap~ 
acitors will greatly reduce the load and provide 
greater system accuracy. 


SYNCHRO 

CAPACITOR 



SYNCHRO 

CAPACITOR 


SYNCHRO 

CAPACITOR 



.A2A 

WITH 

SYNCHRO CAPACITOR 
ADDED DRAW 
IS .ISA 


.04A 

WITH 

synchro CAPACITOR 
ADDED DRAW 
IS D1A 
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iBternal wiring connects the cl^)aclto^8 (C) to 
the three terminals (T) in this manner: 


TI rz T3 



This delta conneetlcm may be shown this way: 



As a general mle, the AC generator supplying 
current to the synchro systems is of ample 
capacity for the job. There are cases where 
additional synchro teams have been added, or 
because of emergencies must be connected, 
so that the simply generator will be made to 
operate near, or at, Its maximum capacity. In 


such cases It would be advantageous, or even 
essential, that synchro capacitors be installed 
to cancel the magnetiaing current of the syn¬ 
chros and thus reduce the load on the generator. 
Furthermore, synchro capacitors Increase 
system accuracy and reduce errors In syn¬ 
chro receiver po8ltl<ms. 


LOCATING THE SYNCHRO CAPACITOR 

A synchro capacitor must always be mounted control transformer for which it corrects 
close to the synchro differential or synchro current, otherwise Its benefits may be lost. 


II5V0LT 

AC 

SUPPLY 


II5V0LT 

AC 

SUPPLY 



IMPORTANT NOTES 

Substitutes for synchro c^>acitors should not 
be used. Ordinary or commercial p^per filter 
capacitors will cause high losses, result in 
unbalance, and destroy the system accuracy. 
Electrolytic cl^)acitor8 can not be used, even 
for temporary replacement or test purposes, 
as they will immediately short circuit and may 
burn out the connected units. 


Synchro c^iacltors should never be connected 
In the stator circuits between a synchro trans¬ 
mitter and a synchro receiver, as they would 
increase current draw and seriously reduce 
system accuracy. 
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SYNCHROS 


TRANSMISSION SPEEDS 


DIFFERENCES 
IN DENOTING SPEEDS 


In referring to synchro transmitters and synchro re¬ 
ceivers, the terms "single-speed" and "double-speed" 
should not be confused with "one-speed" or "two-speed" 
transmission. Let xis classify these terms. 

SINGLE-SPEED TRANSMISSION 

A single-speed transmission system, the sin^lest and 
least ejq>ensive, consists of a single synchro transmitter 
and a single synchro receiver, like this: 


SYNCHRO SYNCHRO 

TRANSMITTER RECEIVER 



If we refer to the synchro transmitter of this system, we 
would call it a single-speed synchro transmitter, and call 
the receiver a single-speed synchro receiver. 

USE OF A SINGLE-SPEED SYSTEM 
Because of low torque at the synchronizing point, bearing 
friction causes slight errors in the positioning of the 
synchro receiver in the single-speed transmission system. 
Such a system is sxifficiently accurate to take care of 
quantities which have no definite reference, such as gen¬ 
erated range or bearing. By use of gearing to transmit a 
small value per revolution, the transmission error can be 
reduced. For example, where a "change of range trans¬ 
mitter" is geared to transmit 100 yards of change per 
revolution, 1/2*’ of error in the position of the synchro 
receiver rotor will result in a transmitted error of less 
than 1 foot of range change. Quantities having a small 
range of values (for example, parallax corrections which 
are computed only between •fl2° and —12°) may be trans¬ 
mitted by the single-speed system. If one revolution of the 
synchro transmitter rotor represents, say, 25° of parallax, 
an error as large as 1/2° in rotor position will represent 
an error of only 2 minutes in the transmitted value. 

A single-speed system can be made quite accurate by 
gearing the liq)ut, and transmitting a small value for each 
revolution of the synchro receiver dial. 


DOUBLE-SPEED TRANSMISSION 

A double-speed transmission system consists of a pair of 
synchro transmitters, one coarse and one fine, geared 
together, and transmitting to one or more pairs of synchro 
receivers. The coarse dial synchro transmitter is usually 
worm-driven, and designed to rotate once for either 18 or 
36 revolutions of the fine dial synchro transmitter. These 
two synchro transmitters, geared together as an integral 
unit, are termed a double-speed synchro transmitter, 
and the pair of synchro receivers is termed a double¬ 
speed synchro receiver. 



USE OF A DOUBLE-SPEED SYSTEM 
Where extremely accurate transmission is required, and 
the range of values to be transmitted is too great for 
accurate single-speed transmission, a double-speed 
transmission system is used. For example, the dial on 
one synchro transmitter may have graduations from 0° 
to 360°, one revolution of the dial representing 360° of 
bearing; this would be the coarse dial. The dial on the 
other synchro transmitter may have graduations from 0° 
to 10°, one revolution of the dial representing 10° of 
bearing; this would be the fine dial. Gearing between the 
two synchro transmitters would cause the coarse dial to 
turn one revolution, and the fine dial to turn 36 revolu¬ 
tions. We term this double-speed transmission 1-speed 
and 36-speed, or a l-speed and 36-8peed system. 
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DRIVING 

DIFFERENCES 

OTHER RATIOS 

Where extremely accurate transmission is not required, 
the l-speed and 18-speed system may be xised; that is, 
where the coarse synchro transmitter turns once for 18 
revolutions of the fine dial unit. For other applications, 
a 2-8peed and 72-8peed system may be iised. In this 
case, each revolution of the coarse rotor represents 180” 
of bearing, so it turns twice to transmit 360 degrees. 
The fine dial Is graduated Into Increments of 5”, leaving 
space between these major Increments for finer gradua¬ 
tions, to provide for accurate reading. Turning the fine 
dial 36 revolutions turns the coarse dial one revolution, 
representing 180” of bearing. The coarse dial is scribed 
to Indicate 180”, and there is space between major incre¬ 
ments for finer graduations. 

INDICATING THE SYSTEM 

One-speed transmission denotes a system in which a 
single speed represents one revolution of the transmitter 
rotor, and takes care of the entire range of values. A 
rotor representing 180” of bearing per revolution would 
have to turn two revolutions to transmit 360”, and would 
give 2-speed transmission. A rotor representing 10” per 
revolution gives SO-speed transmission. Double-speed 
transmission denotes a system in which two different 
speeds are used to Increase accuracy. It Involves two 
synchro transmitters with gearing between them which 
may drive, for example, at l-speed and 36-8peed, or at 
2-8peed and 72-8peed. 

VALUE OF COARSE CONTROL 

H might seem that a coarse control is superfluous, but 
actually it plays two Important roles. For exanq)le, if we 
use a single-speed team of synchro transmitter and syn¬ 
chro receiver with dials graduated from 0” to 10”, we 
would have to turn the synchro transmitter rotor (and 
dial) 1-1/2 revolutions to crank in a value of 15. The 
numeral 5 would appear on each index. This same 5 
would appear If we had cranked in 5, 15, 25, 35, etc. 


With such a system, if the s^ply current is temporarily 
discontinued, and a value of 15 is then cranked into it, 
the synchro receiver dial would read 5 iqwn reestablish¬ 
ment of current. Its dial would make only 1/2 revolution, 
and not 1-1/2 revolutions. Human error and the possi¬ 
bility of tenqiorary electrical failure make it impractical 
to read off total values from one dial to another after the 
con 4 )letlon of one revolution. 




^ using a coarse control with the fine control, accurate 
total values can be read from the dial. Total transmitted 
value can be read by adding the fine dial value to that of 
the lower of the two graduations indicated at the coarse 
dial index. 



WIRING TWO-SPEED SYSTEM 

In a synchro system where similar information is trans¬ 
mitted at several different speeds, more wiring is required 
than for a single-speed system. The two-speed hook-iq) 
uses three extra wires. The lowest speed wires of such 
a hook-up are marked 1, 2, and 3; while 4, 5, and 6 would 
be used to identify the next higher speed, like this: 

CONNECTIONS ON TYPICAL TWO-SPEEO SYSTEM 


SYNCHRO SYNCHRO 




BOTH "FINE" CONTROL 


COMMON 
ROTOR LINE 

I- 

5PEED 

STATOR 

LINE 

36- 

SPEED 

STATOR 

LINE 



i-SPEED RECEIVER 36-SPEED RECEIVER 
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ZEROING SYNCHROS 


ELECTRICAL ZERO 

Synchros transmit or receive values by angular movement. 
A common reference point is needed, to which these units 
must be set before being connected in a system. In 
checking or setting synchros, electrical sero is used as 
the common reference point. 


DIAL MARKINGS 

When the shaft is at electrical zero, the reading to which 
a synchro receiver dial is set depends on its ai^llcation. 
On a gun director train indicator system (and any other 
system which has "0" on its dial), the synchro dial is set 
to 0 for electrical zero. On a range transmission system, 
the dial is usually set to 1,000 yards; on a fuse time 
transmission system, it is set to 10 seconds. On an engine 
room telegraph system, an Index mark at the center of the 
word STOP is used as zero position. Therefore, on any 
particular system, it is necessary to know the standard 
to be used for zero position. 


ELECTRICAL ZERO VOLTAGES 

In the following description, the term "electrical zero" 
voltages means the voltages required to cause a synchro 
receiver to turn to electrical zero by application of 115 
volts AC betweenleadRl andlead R2, andhaving 78 volts 
in phase with leads R1>R2 between leads S2-S1 and 
S2-SS, and 0 volt between lead SI and lead S3. Thus, a 
synchro receiver is zeroed if its dial shows the zero 
reading when electrical zero voltages are iq)plied. 


A bearing-mounted synchro receiver is zeroed if its dial 
reads zero when electrical zero voltages are applied, and 
the unit to which its stator is geared is set to zero posi¬ 
tion; or if it is a switching unit, its switch is centered 
between contacts. 


A synchro transmitter is zeroed if it produces electrical 
zero voltages when the unit for which position is being 
transmitted is set to zero positon 


ZERO READING AND ZERO POSITION 

On synchro receivers, this zero position is called "zero 
reading", and the corresponding position of the synchro 
transmitter is called "zero position". 


METHODS OF ZEROING SYNCHROS 

There are several methods of zeroing or checking synchros, 
involving the use of an AC voltmeter, a standard synchro 
receiver, test lamps, head phones, and wire jumpers. The 
first two methods are acceptable; the latter are for rough 
or emei^ency checks. 

Zeroing a synchro means, in general, adjusting it mech¬ 
anically to coincide with the electrical zero position so it 
will work properly in a system in which all associated 
synchros are zeroed. 


A synchro differential receiver is zeroed if its dial 
shows the zero reading when electrical zero voltages 
are applied to both its sets of windings. 


A synchro differential transmitter is zeroed if its second¬ 
ary (rotor) voltage is zero when electrical zero voltages 
are ai^lied to its primary (stator) and the unit whose 
position it transmits is set to zero position. 


A synchro control transformer Is zeroed if its secondary 
(rotor) voltage is zero when electrical zero voltages are 
applied to its primary (stator), and the unit for which 
position is being transmitted is set to zero position; and 
if turning the control transformer shaft slightly counter¬ 
clockwise produces a voltage from lead R1 and to lead 
R2 which is In phase with the voltage from lead R1 to 
lead R2 on the transmitter siqiplying its stator. The 
position where minimum voltage is Induced in the rotor 
by stator coil 2 is chosen as electrical zero position. 
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SYNCHROS 


PROBLEMS 


1. Where are the Inputs of a synchro transmitter, and what is its ou^t? 

2. Where are the iiynits of a ssmchro receiver, and what is Its output? 

3. What effects do the lines of force set up by the rotor have on the voltage 
Induced in the stator coil of a synchro transmitter? 

4. When a synchro transmitter is in ELECTRICAL ZERO position, what is 
its setting? 

5. What Is meant by "standard synchro transmitter and synchro receiver 
hook-up"? 

6. In the standard electrical hook-up, how do the synchro transmitter and 
synchro receiver shafts turn in relation to each other? 

7. In a reverse hook-up, how is the synchro transmitter connected to the 
synchro receiver? 

8 . When synchros are electrically connected In reverse hook-up, in what 
direction does the synchro receiver shaft turn in relation to the synchro 
transmitter shaft? 

9. In a multiple system where one large ssmchro transmitter is used to 
drive a number of small synchro receivers, why Is it essential for the 
receivers to have identical loads? 

10. If a synchro receiver has the proper capacity, could it be used In an 
emergency to replace a defective synchro transmitter? Explain. 

11. Explain what would happen in the case of a synchro transmitter used in 
an emergency to replace a synchro receiver of the same size? 

12. On a 83mchro differential, how many stator leads and how many rotor 
leads are there? 

13. What are the iiymts to a synchro differential transmitter, and what does 
it deliver? 

14. What are the Inputs to a synchro differential receiver, and what does 
it deliver? 

15. In the above system, supposing that it was essential for the rotor of the 
synchro receiver to deliver an output in the reverse direction; draw a 
diagram of the system which would provide this delivery. 

16. What is the output of a synchro control transformer? 

17. What connections are made to synchro control transformer rotor leads? 

18. E]q>laln the position of the rotor of a synchro control transformer when 
It is in CORRESPONDENCE with its associated synchro transmitter. 

19. What comprises the standard synchro capacitor? 

20. What synchros benefit by use of synchro capacitors? 

21. When adding a synchro capacitor to a system, where should it be located? 
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Introduction to 


SERVOS CHAPTER J 



PreciBe control is important in naval operations. 
One of the most frequently used applications is the 
control of rotation of heavy gun mounts, rudders, 
or antennas to correspond to ordered positions, as 
shown on indicators or con4)Uter dials. 


ANTENNA 


GUN 


The problem of control Iscommon Inevery day life. 
We speak of controlling an automobile, controlling the 
volume of a radio set, or controlling the temperature 
of a bouse. In fact, picking up apencil involves con¬ 
trol of muscles in away similar to guiding amissile 
to a target. 


^ principles 
^ components 
^ performance 


A servo system is no more than a system of control. 
Servos are devices designed to transfer an order, which 
may come from another mechanism, or a human being, 
into a r^id and accurate physical (deration. 


Orders may be represented by dial readings, pointer 
index positions, or switch positions. The functions 
performed by a servo system may include movements 
of objects , temperature regulation, and color changes. 


SCOPE OF THIS CHAPTER 

The chapter is divided into three sections. The first section 
explains the principles of servos by means of typical examples 
of basic types of servos. The meaning of stability is discussed , 
and a few ways of Improving stability are studied. The second 
section covers some specific components used In servos. This 
gives the student a practical acquaintance with the equipment. 
The third section discusses the accuracy of servos, and methods 
of improving servo accuracy. 
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CHAPTER 4 SERVOS 


SECTION 


PRINCIPLES OF SERVOS 




A servo is composed of various 
components, each performing a 
specific function. The combination 
of these functions determines the 
overall operation of the servo. In 
this section, principles of the over¬ 
all servo system are discussed. 
In the following section, individual 
components which determine the 
system operation are covered. 


scope of section 


The principles of servos are discussed by 
considering the operation of basic systems 
— m a n ual and automatic. The principles of 
on-off control, and variable control, intro¬ 
duce the idea of servo stability. Then, 
modifications to the basic servo for the 
improvement of stability are discussed. 
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PRINCIPLES OF SERVOS 


BASIC MANUAL SERVO 


A SERVO PROBLEM 


A SIMPLE SOLUTION 


One of the many types of problems which a 
servo may be required to solve is the movement 
of a heavy gun mount in response to an order 
generated by a computer, and indicated by the 
reading on the dial. 


ORDER ^^^■LOAD 



required gun angle. servo 


interprets 

order and.moves gun 


f 


The simplest type of servo which will solve a 
problem like this Is the manual servo. This 
type consists of a man reading the computer dial 
and turning the gun mount by hand until the mount 
position is the same as the ordered position. 



BASIC AUTOMATIC SERVO 
need for automatic servo • • 


making servo automatic 

The necessary speed and accuracy for modem 
servo use can be attained by mechanization. In 
order to mechanize a manual servo, we roust 
mechanically duplicate each manual function. 


These functions, whether performed manually, or 
automatically, are essential in any servo, and may 
be considered as the basic principles of all servos. 

1. COMPARISON of order and response to determine error. 

2. CONTROL of power by the error. 

In a manual servo,these functions are per¬ 
formed by the operator. In an automatic 
servo,they are performed by mechanisms. 


ORDER 
FROM 
COMPUTER 


AND 


0 0 


RESPONSE 

FROM 


MANUAL SERVO 


are compored 
by operotor 
who notes ERROR C 

ORDER .... AND 
FROM 
COMPUTER 


are COMPARED 
mechanically and 
an ERROR SIGNAL 
is tronsmitted 



^ CONTROLS POWER SUPPLIED to LOAD 




RESPONSE 

FROM 

LOAD 


AUTOMATIC SERVO 



CONTROl 


POWER 


CONTROLS 

POWER SUPPLIED 


LOAD 


The specific devices used 
as components to fill these 
"black boxes" can take 
many forms. The function 
of the comparison device 
is to subtract the response 
from the order. A differ¬ 
ential can accomplish the 
required subtraction. The 
power supply may be a 
motor, controlled by the 
error, through a switch. 
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To position the gun mount 
accurately, the operator will 
need an indicator to show him 
the exact present position of 
the mount. Such an indicator 
may be a simple dial. The 
reading on the dial is called 
the response of the gun. The 
difference between order and 
response is called error. 




... IS compared by 
operator with. IRESPONSEi from gun. 


if there is o difference 

or error, the operator supplies enough power to the gun 

to eliminote thot error 


Although the Basic Manual Servo is simple 
compared to the complicated servos found 
on a modern ship, nevertheless, it has all 
the essential properties of a servo. 


The manual servo does not have the necessary speed and accuracy 
for many servo applications. A heavy object such as a gun mount can 
be best controlled by an automatic servo with a source of high power. 


The devices contained in the "black boxes" need 
not take a mechanical form. It is very common 
to have servos which operate electrically, 
hydraulically or pneumatically. 

Signals may be transferred from one mechanism 
to another by any of these means. 


TRANSFER OF SIGNALS 



SUMMARY 


The order and response signals of a servo need not be mechanical. For 
example, servos using the same principles as discussed here may con¬ 
trol such diverse quantities as missile direction, height of water in a 
tank , machine shop operations, pressure and temperature. In fact, the 
household thermostat is a common form of automatic servo. 

Both the Basic Manual and Basic Automatic Servos function according 
to the same principles. These principles apply to all servos discussed 
in this chapter. 

They are: comparison of order and response to determine error; 
and control of power by error. 
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PRINCIPLES OF SERVOS 


ON-OFF CONTROL SERVO 


mechanization of servo functions 


Differential 
as comparator 


ORDER 


The comparison function may be 
accomplished by a differential. 
As a subtraction device, the diff¬ 
erential subtracts the response 
from the order. Output of the 
differential Is the error. 



One of the simplest types of automatic servo is the on-off 
control servo. In order that we may consider a completely 
mechanical servo, let us assume that the comparison and 
the control are accomplished mechanically. 




RESPONSE 






POWER 

□ 


1 ^ .. 

1 IJ LOAD 

— ' 


n 


\T 

n 








CONTROL 


MOTOR 


LOAD 


The control is the device which takes the error and 
converts it into a signal to the power supply, which 
may be an electric motor. The control function is 
important, and will be discussed in some detail. 


operation of an on-off control servo 


Assume that, initially, the load is in its zero 
position, and the order from the computer is 
zero. At this point, the error is zero, and the 
control is in the off position. 


ORDER = 0" 


I—►pi- 

ERROR = 0° L_•_ 


RESPONSE = 0“ 




OFF 


Siq)pose that suddenly the order is changed to 30 
degrees. Since the order no longer equals the 
response, the error will turn the control to the 
forward position, and the motor torque will 
accelerate the load. 

As the load accelerates, the error is reduced 
until the load position is also 30 degrees. At 
this point, the error is again zero, and the motor 
is turned off. However, merely turning off the 
motor does not stop the load. If the load has 
nothing to brake it, it will continue to coast past 
the desired value of 30 degrees. 

At this point, the negative error turns the control 
to reverse, and the negative torque decelerates 
the load, causing it to stop and return toward 
the desired value. However, again the load 
may coast past the desired value, this time 
in the opposite direction. 


ORDER = 30° 


RESPONSE = 0° 


ERROR = 30° _i- 

FORWARD 





ORDER = 30° 




RESPONSE = 40° 


ERROR = -10° 





40° 


REVERSE 


The tendency of the load to overshoot the desired 
value is a common hindrance to efficient servo 
operation. Therefore, it deserves further study. 
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the on-off control 


One way of mechanizing the control function is by a 
switch. This switch must be constructed so it can be 
operated by the differential. When the error is zero 
(order equals response), the switch is "off". When 
the error is positive (order greater than response), the 
switch is on "forward". When the error is negative 
(response greater than order), the switch is on "reverse". 



The motor, controlled by the switch, gives the 
load constant torque, operating either forward 
or reverse. This torque serves to accelerate 
the load in the direction of the torque. 



overshoot 

When the load position overshoots the order position, this 
action is comparable to a ship iq>proaching a pier, and 
stopping its engines only when it comes alongside the pier. 



SHIP STOPS HERE 
AND BEGINS 
TO MOVE BACK 
TOWARDS 
PIER 


Overshoot may be repeated every time the load approaches the order, 
thus, causing the system to oscillate about the ordered position. 

THESE OSCILLATIONS THEY MAY OR WITH SPECIAL 

MAY DECREASE REMAIN CONSTANT CONDITIONS MAY 



A system with oscillations which decrease with time, is said to be stable. 

A system with oscillations which remain the 
same or Increase, is said to be unstable. 


SUMMARY 

The use of an on-off switch 
is one way to mechanize the 
control of servos; other t}rpes 
of servo controls are (rften 
used. Advantages of the on- 
off control are its simplicity 
and reaction speed. A dis¬ 
advantage is its poor stability. 
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PRINCIPLES OF SERVOS 


VARIABLE SPEED CONTROL SERVO 

need for variable control 

One reason for the instability of the on-off control is the A more stable servo would be one which reduces the 

foct that, as the load approaches the desired value, the torque gradually as the load response approaches the 

torque exerted by the motor remains constant. This value of the order. Use of a variable control is one way 

high torque tends to drive the load past the desired value. to achieve such increase of stability. 


variable control on-off control 

The varying 
error signal 

The on-off control responds to the presence of an 

error by giving a constant signal to the motor. ^ 

can move control 
to only 3 positions 

• FORWARD 

SOFF 

• REVERSE 

can move control 
through a range 
of positions 

giving only 

3 possible 
motor signals 

k 

The variable control responds to the degree of * 

error, and gives a signal to the motor propor¬ 
tional to the error. VARIABLE CONTROL 

Thus, for large errors, when the order Is much The varying 

greater or less than the response, a strong s^nal signal 

will be sent to the motor. For small errors, when 

the response Is catchlne up to the order, the L 

f 

giving a range 
of possible 
motor signals 

i 

^FORWARD 
► OFF 

/^REVERSE 

signal to the motor will be weak. f 

f 


The on-off control servo provides 
constant torque for any error. 

The variable control servo provides 
torque proportional to the error. 



operation 
of variable control 

Suppose, as before, that the order and response 
are originally in their zero positions. Again, 
the error is zero, and the motor is off. 



OFF 


Just as with an on-off control, when the order 
is suddenly changed to 30 degrees, the error 
will give a strong signal to the motor, and the 
motor torque will accelerate the load. 


ORDER = 30° 




RESPONSE = 0° 


ERROR = 30° 




ON ALAX. FWD. 



However, with a variable control, as the load 
^proaches the desired position, the error 
gives a continually weaker signal to the motor 
and the torque Is gradually decreased. The 
decreased torque allows the load to slow down 
before reaching 30 degrees. 



Slow moving load will not tend to overshoot 
as much as fast moving load of on-off servo. 



ZERO 


The manner in which the overshoot of the variable 
control servo differs from that of the on-off control 
servo will be further illustrated. 
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requirements 
of variable control 


The purpose of the variable control is to provide 
a motor signal proportional to the error signal. 
The relationship: 

motor signal = K (error) 
must hold for a simple variable control. 
Many devices fulfill this requirement. 


POTENTIOMETER 

The potentiometer is one such device. S 
can be considered as a switch which has a 
variable, rather than an on-off, characteristic. 



AMPLIFIER 

When the error signal is electrical, a simple amplifier 
may be sufficient to give the proper motor signal. 




POTENTIOMETER PLUS AMPUFIER 


In some cases, an amplifier and 
potentiometer may be used together. 


EieCTRIC POWER 


POTENTIOMETER 
PLUS AMPLIFIER 
CONTROL 


MOTOR SIGNAL 
— K (ERROR) 


MECHANICAL 
ERROR SIGNAL 


TORQUE 


overshoot 


The effect of reducing the torque as the error is reduced can be 
clearly seen if we reconsider the illustration of the ship 
proachii^apier. As the shipsq)proache8 (decreasingerror),power 
is reduced by degrees. Consequently, the overshoot is smaller. 


OVERSHOOT 



SUMMARY 


The variable control servo is more stable, but is less simple 
and slower to respond to sudden changes, than an on-off servo. 
Although we have treated the order as being constant, in operation 
the order might be changing continuously. In general, if the order 
is expected to change, load must be capable of moving as fast as 
the order is expected to move. It is the control and power supply 
which determine the way in which the load will follow the order. 
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PRINCIPLES OF SERVOS 


STABILIZING A SERVO 


the effect of braking 



braking force constant 

ADDING FRICTION 


In a servo system there is always some dry 
friction. The friction can be increased if it is 
necessary for stability. 

Dry friction force is constant, and it always 
opposes the motion of the load. 

When power is low, and constant friction force is 
greater than power applied, the load decelerates. 


REVERSING POWER 

The same effect may be obtained by reversing 
the power. To do this, the error signal e, is 
reduced by a constant amount K. As the error 
signal becomes low, K will be greater than e. 
The signal becomes negative, reverses the 
power, and decelerates the load. 



The signal by which the error is reduced always tends to decrease load 
motion, Just as friction always tends to decrease load motion. When 
the load is moving forward, Kwlll be positive. When the load is moving 
in reverse, K will be negative. Some sort of device is necessary to 
sense load direction and to transmit a constant value which has sign 
value depending upon that direction. 
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ther« ore two basic ways to eliminate high overshoot 
by adding Iriction and by reversing the power 



braking force dependent on speed 

ADDING FRICTION 


In a servo system there is always some wet 
friction (proportional to speed), such as air and 
water resistance, and lubricated friction. 

Wet friction has the advantage of being small 
when the load is moving slowly (requiring 
little deceleratli^ force), and large when the 
load is moving fast (therefore requiring a 
large decelerating force). 


REVERSING POWER 

The same effect may be achieved by reversing 
power, instead of increasing wet friction. 

In the duplication of dry friction, the error was 
reduced by a constant amount. In order to 
duplicate the effect of wet friction, the error 
must be reduced by an amount proportional to 
load speed. 

To reduce the error by an amount proportional 
to load speed, a device sensitive to load speed 
must be used. Reducing the error in this manner 
is called negative rate feedback. 



SUMMARY 


When e is low, and speed s is 
high, K'(e-Ks) is negative. It 
acts opposite to the original 
error signal. This negative sig> 
nal will reverse the power, and 
prevent the load from coasting 
beyond the value ordered. 


HIGH SPEED 
tends to 
moke lood 
coast post 
order^ voIm 



_ ORDERED 
VALUE 

REVERSED POWER 
tends to keep lood 
from coasting post ordered value 


The amount of braking in a servo is 
called the damping of the servo. If 
there is just enough braking to eliminate 
oscillations, the servo is said to be crit¬ 
ically damped. If there Is more or less 
than this critical value of braking, the 
system is overdamped or underdamped. 
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PRINCIPLES OF SERVOS 


SPECIAL TYPES OF SERVOS 


non-llnear control 

In the servos studied in this chapter, 
the control performed the function: 

motor signal » K (error) 

This relationsh4> is linear. 

Actually, the motor signal may be any 
function of the error. For instance, a 
control may be designed so that: 
motor signal - K (error)*. 


error 


CONTROL 


f\ 



K(error)* 


This would give a larger motor signal than usual for large errors 


This flexibility gives servos a wide range 
Oi uses. By a system of servos, an aircraft 
could take off in New York, fly across the 
Atlantic, and land In London, all automatically. 


position and velocity servos 


The function of all servos studied so far, 
is to have the position of the load equal 
to the position of the order. The error 
is then an Indication of a position differ- 
ence. These are called position servos. 
In a velocity servo, the velocity of the 
load (not its position) is compared with 
the order. The error exists until the ve¬ 
locity of the load is at an ordered value. 
This type of servo can be made to move 
the load constantly at a desired velocity 
by a single setting of the order shaft. 



PROBLEMS 


What h^pens in the system shown, as cable M 
is moved left four inches? Show how this is a 
servo, by drawing a schematic diagram of a 
variable control servo, and locating correspond¬ 
ing functions in the system shown. 


The thermostatic operation of a furnace is a 
form of servo. Describe this operation in 
terms of order, response, comparison, control, 
power, and load. 
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CHAPTER 4 SERVOS 


SECTION pi 



COMPONENTS OF SERVOS 




In the previous section the subject of servo 
theory was introduced, and the basic servo 
systems were discussed. 

In this section, specific mechanisms comprising 
these systems are discussed. 

The number of different kinds of mechanisms 
used in servos is iarge. The section covers 
only a few representative types. Each function 
can be performed by mechanical, electrical, 
hydraulic, pneumatic, and other mechanisms. 
Equipment used in servos is continually being 
improved, and changed with advances in tech¬ 
nology. Some specific mechanisms discussed 
here are no longer In active use. It is not the 
purpose of this section to instruct the student 
in their use, but to acquaint him with problems 
in designing any component which he might 
encounter in a servo, even when that conq)onent 
is not one of those discussed here. 




In the previous section, each function was carried out by a mechanism. 
Mechanisms were discussed briefly in order to concentrate on the functions 
«/^nn/5 performed. In this section, the mechanisms are discussed in more 

J ^ ion detail. The function of conversion is Introduced. The functions of com¬ 
parison, control, speed measurement, friction and inertia are covered. 
Power is usually assumed to be supplied by an electric motor and is not 
discussed separately. However, power may be of other forms. It is the 
control of this power with which the servo is concerned. 
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COMPONENTS OF SERVOS 


CONVERSION 


purpose of conversion devices 


Within one servo system, electrical, mechanical 
and hydraulic devices are often used together. 


electric 


mechanical 




CONVERSION 

DEVICE 


hydraulic 


CONTROL \lL2l 


CONVERSION 

DEVICE 


POWER 


CONVERSION 

DEVICE 


hydraulic electric 


electric mechanical 


In such a system, It Is necessary to convert one 
type of energy to another type. To do this, de¬ 
vices are required to accept an Input of one type 
of energy, and deliver an output of another type 
which will be proportional to the input. 


CONVERSION 

DEVICE 


proportional to 
type A 


electrical to mechanical 


A device commonly employed to convert electrical 
energy to mechanical energy is the electric motor. 

ELEaRlCAl SIGNAL 
TO FIELD 


CONSTANT VALUE 
ELECTRICAL POWER 
TO ARMATURE 


POWER DRIVE MOTOR 

Motors used as power devices in servo 
systems perform a conversion function. 
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mechanical to electrical 


We have ascertained that the 
potentiometer may be used 
as a control. We may also 
utilize the potentiometer lor 
conversion. The input to the 
potentiometer is mechanical, 
and the output is electrical. 


ELECTRICAL 
POWER SUPPLY 




Many devices are capable of performing more 
than one function. A potentiometer may be used 
simply as a conversion device, or as a control 
which also performs the function of conversion. 


MECHANICAL 
VALUE (•) 


potentiometer 
accomplishing conversion 

H POTENTIOMETER I 


ELEORICAL 
VALUE (e) 


MECHANICAL 
OUTPUT OF 
COMPARATOR 
(•) 


potentiometer accomplishing 
conversion and control 


POTENTIOMETER 


ELEQRIC 
SIGNAL 

TO MOTOR (Ke) 



hydraulic to mechanical 


A device which converts pressure of a fluid to 
mechanical motion is the piston and cylinder. 



note 

In a sense, any device in which the output is of 
a different type of energy than the input is a 
conversion device. 

For instance, the comparator may compare a 
mechanical signal with an electrical signal, and 
produce a hydraulic error. 

In this section, a device will be considered a 
conversion device only if its primary function, 
in the servo under consideration, is conversion. 


Conversion devices, such as tne piston and cylinder, 
convert one kind of energy directly to another. Others, 
such as the potentiometer, require a supply of constant 
power. In both cases, the output is a different kind 
of energy than the iiv>ut, and Is proportional to the input. 
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COMPONENTS OF SERVOS 


COMPARATORS purpose of comparators 


mechanical 


One device which mechanically 
performs acomparison function 
is the differential. The opera¬ 
tion of subtraction as performed 
by a differential is the same as 
the operation of comparison. 



The differential is so commonly used 
as a comparison device that the sym¬ 
bol for the differential is often used 
to represent any comparison device. 


DIFFERENTIAL 



electrical 


Electrical comparison is accomplished by the 
simple connection of a pair of leads. The two 
leads are arranged so that the voltages to be 
compared will oppose each other. The resulting 
voltage is their difference. 


order VOLTAGE 

A 


VOLTAGE 


response 



hydraulic 


The following arrangement is only one of many 
possible ways to compare two hydraulic values. 



response 
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As with the other devices studied in this section, 
we will cover only a few typical comparators. 
Every comparator has two Inputs, and an output 
which is some function of their difference. One 
input is the order, and the other is the response. 
The output is the error. 


ORDER A 




COMPARATOR 




RESPONSE B 


£RROR C= DIFFERENCE 
BETWEEN A AND B 


electro-mechanical 

The following device can receive two mechanical 
Inputs, and deliver an electrical output. Like 
the potentiometer, it requires an electrical 
supply voltage. This device combines the func¬ 
tions of comparison and conversion. 


Assume conversion factor 

si between electrical and mechanical quantities. 



RESPONSE 

= o 



RESPONSE 

= o 


ORDER = 3 
FORWARD 



RESPONSE = 3 
FORWARD 


ORDER = 3 
FORWARD 



The synchro control transformer may act as a 
comparison device. 

The order is originally mechanical. The trans¬ 
mitter acts as a conversion device and makes it 
electrical. The electrical signal is transferred 
to the stator windings of the control transformer 
and the mechanical response signal is ^plied to 
the rotor. The output voltage taken from the 
rotor is the difference between them. 



order chonged to 
electrical value 


The output voltage may be used directly as a motor signal, or modified further. 
note When voltage is used as a motor signal, the combined functions of comparison 
and control can be regarded as performed by an electro-mechanical device. 
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COMPONENTS OF SERVOS 


CONTROLS 


purpose 

of 

controls 


The purpose of the control Is to convert the error 
signal to a proper motor signal. Accomplishing 
this purpose might involve conversion, ampllfica- 
tion, reduction of the error s^nal, or a combination 
of these functions. 


ON-OFF CONTROL 

mechanical-electrical 

On-off controls can be considered as switches. 
The most common switches have mechanical 
iiq>ut8 and electrical outputs. One such switch 
is the rotary switch. The arm makes contact 
with either of two metal contacts, one of them 
connected to the forward terminal of the motor, 
and one to the reverse terminal. 


OFF 


The above switch needs some 
small error signal before 
making contact. The small 
amount of play in the error 
shaft is called "dead space". 
This delays reaction time, 
and decreases accuracy. It 
is undesirable, but, in such 
mechanisms, is unavoidable. 


DEAD SPACE 




REVERSE 


TO 

MOTOR 


Mechanical switches must allow 
the error shaft freedom to turn 
and to maintain contact at the 
same time. The rotary switch 
allows almost 180 degrees of 
rotation before losing contact. 



VARIABLE CONTROLS 

mechanical-electrical electrical-electrical 


A variable control can be considered a switch 
with the ability to change gradually from zero to 
maximum signal. The use of the potentiometer 
as a variable control is exactly the same as its 
use as a converter. The only difference is that 
when considered as a control, the potentiometer 
output is used as the motor signal. 


When the error signal is electrical, the control 
function can be accomplished by an amplifier. 
The amplifier may be electronic, or may be an 
amplidyne motor-generator, a form of amplifier 
having easily controlled amplification character¬ 
istics. In certain cases, an an^Iifier and an 
amplidyne unit are used together. 



As seen in the section on Servo Principles, a 
potentiometer and amplifier may be combined. 


POWER 

SUPPLY 


MODIFIED MOTOR 
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The control must supply a motor signal of suffi¬ 
cient strength without requiring too much power 
(error signal) from the comparator, which is an 
accurate, delicate instrument. The type of control 
determines many characteristics of servo operation. 


ERROR 



Signal to Potver 


RELAY 


electrical-electrical 

A switch may have an electrical input and output. Such a switch 
is a relay. In the relay, the input current energizes an electro¬ 
magnet closing a contact. The minimum current necessary to 
move the contact Is like dead space in a mechanical switch. 
As shown, the relay control gives the same motor signal for both 
positive and negative error signals. Thus, reverse signals will 
not ordinarily be obtainable. However, by special arrangements, 
coded signals in the form of pulses from a special differential 
can be made to trigger a series of relays to give a variety of 
motor signals. 


Others 

There are many other kinds of switches. One 
device which can be considered as a switch is 
a photocell. An advantage of the photocell is 
that it puts practically no load on the comparator. 
This permits the use of a very sensitive and 
accurate comparator. 


LIGHT SOURCE 


REVERSE 


ERROR SHAFT 



. 

— 1 



ERROR 

t 

_ 

1 


SIGNAL 

1 

— 

, 1 

S/GNALTD 


. 

— 1 


ON-OFF MOTOR. 

ELECTRICAL - 





CELL 1.. 



TO MOTOR 


PHOTOELECTRIC 

RECEIVER 


SEMI-CIRCULAR SCREEN 

1 CELL ON ^oFF 
1 CELL OFF 

BOTH CELLS OFF =REVERSE 
BOTH CELLS ON = FORWARD 


hydraulic-hydraulic 


note 


Another type of variable control common 
in naval use is the hydraulic control. 



HYDRAULIC 
ERROR SIGNAL 


FLOW TO 
HYDRAULIC 
POWER DEVICE 


The output of the control divided by its input is 
called the gain. If amplification .is accomplished 
by the control, the gain will be greater than 
unity. A control with a high gain will have the 
desirable characteristic of low load on the 
comparator, and high signal to the motor. Some 
undesirable characteristics of high gain will be 
discussed in the following section. 


SUMMARY 


The purpose of a control is to convert the error 
signal from the comparator into the appr<9rlate 
motor signal. This may involve conversion, 
amplification, or both. Each control has some 
gain. The gain is determined by dividing output 
by iiq>ut, after both have been converted to the 
same units of measurement. 
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COMPONENTS OF SERVOS 


SPEED SENSITIVE DEVICES 

purpose of speed sensitive devices 


The purpose of the speed sensitive device Is to 
produce an output proportional to the Input speed. 


INPUT ^MOVING 



output B proportional 
to speed of moving input 


Direct speed sensitive devices are called 
TACHOMETERS 


Speed sensitive devices were discussed In 
detail In the section on Rate Measurement. 

mechanical-electrical 


One type of speed measurement device 
often used In servos Is the generator. 


GENERATOR 


INPUT 



Voltage 

proportional to 
speed of iiq)ut 


mechanical-mechanical 

A speed sensitive device with a mechanical 
input and output Is sometimes desired in a 
servo. One such device Is the magnetic drag. 

The input turns the gear to which the outer windings 
of wire are attached. The rotation of these windings 
through the field of the magnet sets up currents in 
the wire. These currents, In turn, set up a magnetic 
field; this field tends to pull or "drag" the magnet 
along with the windings. The magnet is restrained 
by the spring. Forces Involved are such that the 
rotation of the magnet allowed by the spring Is in 
proportion to the speed of the outer windings. 

Another device, called the hydraulic drag, works on 
a similar principle. The dragging force is provided 
by liquid viscosity Instead of a magnetic field. 

electrical-electrical 

It was pointed out in the Rate Measurement Electronic differentiators used In electrical 

section that, since the output of a speed sensitive servos may be made to perform the same function 

device Is the derivative of the input, the device as tachometers in a mechanical servo, 
can be considered to be a differentiator. 


SHAFT ATTACHED TO MAGNET 
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FRICTIONAL AND INERTIAL DEVICES 

purpose of frictional and Inertial devices 


Friction and inertia are present in any system. 

It is often necessary or desirable to control 
them. This control can be accomplished by 
the use of devices discussed here. 

friction devices 

Friction devices are called dampers. The amount of friction (dry 
and wet) in a system determines how much it is damped. 

Dry friction can be increased Xty sliding devices, such as brakes 
and clutches and reduced with lubricants, and ball bearings. 

The speed measuring devices which produce a force prc^rtional 
to speed (magnetic and hydraulic drags) can be used as dampers, 
supplying wet friction — friction proportional to speed. 

In an electrical system wire resistance acts in a manner similar 
to dry friction in a mechanical system. Dry friction reduces 
speed. Wire resistance reduces voltage. It remains the same as 
AC frequency changes. Capacitance acts similarly to wet friction. 
Chan g in g AC frequency changes capacitive reactance. 



-FORCE PUSHES 
SHOE AGAINST DRUM 
INCREASING FROION 


WITH DRUM 


Inertial devices 

Inertia can be increased 1^ adding mass to the 
load. A specific device used to add mass to a 
load shaft is the flywheel. The high inertia of 
the flywheel prevents small fluctuations from 
disturbing the load. Inertia may be reduced by 
reducing the mass of the load. 

In an electrical system, an inductance in series 
acts similar to inertia in a mechanical system. 
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COMPONENTS OF SERVOS 


DESIGN OF A SERVO SYSTEM 


In designing aiqr servo system, there are three decisions to be made: 

1. What components are needed to perform the required functions? 

2. What type of mechanisms shall be chosen to perform Umse functions? 

3. How shall mechanisms be arranged and connected to perform correctly? 


Suppose that a computer siq)plies a signal which 
is to be used to position an antenna. 

Assume that the type of servo best suited to the 
job is the simple position control servo having 
negative rate feedback, as shown to the rUi^t. 
(The next section will explain some reasons for 
choosing one type of servo instead of another.) 



After this choice has been made, the black boxes 
Indicating the functions must be replaced by 
Indications of the actual equipment to be used. 
The servo must then be designed, and values of 
components must be calculated. For instance, 
the voltage characteristics and torque cbarac* 
terlstlcs of the motor, the size of differentials, 
gear ratios, and speciftcations for all equipment 
must be determined. The methods for making 
such calculations are complicated, and are not 
within the scope of this book. 



AAAGNETIC DRAG 


Finally, the equipment must be connected and "packaged". 


PROM COAAPUTER 


DIFFERENTIAL 


The aim of packaging is to fit all the equfoment 
Into a small space, and make It light In weight. 
The final layout of the equfoment may look quite 
different from the original schematic drawings. 



TO ANTENNA 

ft 


DIFFERENTIAL 

/ 

POTENTIOMETER AMPLIFIER 


MOTOR 



AAAGNETIC DRAG 
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CHAPTER 4 SERVOS 

The first two sections In the chapter on servos introduced 
the student to the subject, and familiarized him with the 
components of servo systems. The present section covers 
the operation of servos in more detail. 


elevation order 


PERFORMANCE OF SERVOS 


The purpose of a servo is to match order and 
response. To the extent that a servo does not do 
this, it is inaccurate. Many factors affect the 
accuracy of a servo, a few of which have already 
been studied. If a servo could be perfectly 
stable, have no lag, and no dead space, it would 
be perfectly accurate. 


train order 


SCOPE OF SECTION 


We will investigate, one by one, the important factors which affect the 
accuracy of a servo. These are, stability, dead space, and lag. Then, 
we will study mathematical analysis of servo performance, and a 
method, called frequency response, by which servos may be evaluated. 
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PERFORMANCE OF SERVOS 


STABILITY 


EFFECT OF CONTROL ON STABILITY 


on-off control 

. . . tends to be unstable because it does not have 
"anticipation". The on-off control acts similarly to 
aship in which the engine is not stopped until it reaches 
a pier, and consequently drifts past it. 


variable control 

. . . tends to be more stable than the on-off control. 
It anticipates a condition of zero error by reducing 
the power before the error is zero, allowing friction 
to slow down the load. 


ON-OFF CONTROL 

DOES NOT ANTICIPATE REACHING ORDERED VALUE. 

AND DOES NOT SLOW DOWN 


VARIABLE CONTROL 

ANTICIPATES REACHING ORDERED VALUE. 

AND SLOWS DOWN 



ORDERED 

VALUE 



IMPROVEMENT OF STABILITY 


controlling friction 


reversing power 


One way to improve stability is by Increasing friction. 
High friction reduces overshoot, and thereby reduces 
the oscillations. 

As discussed in the section on Principles, friction is 
generally considered as composed of two types, dry, 
and wet. Dry friction is constant for changing load 
speeds. Wet friction increases as load speed increases. 


COMPARATOR ^ 



C(e-Ks) 


1 

]-► 

CONTROL 


POWER 


LOAD 


^ Ks 


NEGATIVE RATE FEEDBACK 



The disadvantage of increasing friction as a method 
of improving stability is that the resistance of the 
load to motion is increased, thereby increasing the 
reaction time. To get the same reaction time, and 
the same general response characteristics, the power 
supply must be increased. 


Reversing power by means of negative rate feedback will 
Improve stability in the same manner that friction will 
improve stability. 

Negative rate feedback reduces load speed indirectly by 
reducing power, rather than directly, as friction does, by 
increasing the load. Since negative rate feedback does 
not increase load friction, it uses less power and, for 
that reason, requires a smaller power supply. 

A disadvantage of negative rate feedback is the increased 
complexity and the cost of equipment Involved in its use. 
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stability is a measure of the number and magnitude of oscillations 
of the load about an ordered value. A servo may be stable for some 
values, and unstable for others. The type of control affects stability. 


STABILITY WITH MOVING INPUT 
on-off control 

. . . cannot follow amoving order signal continuously. 
When the response equals the order, the motor shuts 
off. If the order is constantly increasing, the load will 
repeatedly catch up to the order, stop, fall behind, 
start, catch up, stop, fall behind, etc. Only when the 
order has stopped moving can the response continue 
to be equal to the order. 




variable control 

. . . can adjust the torque of the motor so that the load 
will move at the same speed as the order. After the 
preliminary oscillations have died down, the load 
moves smoothly sd the same speed as the order, 
not constantly catching up and falling behind as it 
would when an on-off control is used. 



controlling Inertia and gain 


Although friction (or its equivalent) reduces oscillations, 
the inertia of the load and gain ofthe system Influence the 
effect of friction. For Instance, if the system has high 
gain (high motor torque for low error), or high inertia 
(heavy load to move), friction will have to be very high In 
order to slow down the load, and to decrease oscillations. 
However, if gain is low, and Inertia is low, a small amount 
of friction will be sufficient to slow down the load, and to 
keep oscillations low. 

Gain can be controlled by either increasing or decreasing 
amplification. Inertia may be controlled by Increasing or 
decreasing the weight of the load. 



will allow FRICTION TO 


SLOW DOWN 
LOAD 
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PERFORMANCE OF SERVOS 



Assume a condition of zero error. The order shaft is 
turned a fraction of a degree. Nothing happens. The shaft 
is then turned slowly until the load moves. The amount 


occurrence 

A comparator may have a 
small difference between 
order and response, and 
produce no error signal. 
This is due to dead space. 

DIFFERENTIAL ...< 




MECHANICAL DEAD SPACE 


If the comparator is a geared differential, the 
"backlash” (or amount of play in the gearing) 
cietermines the dead space. 


Suppose a small error signal 
is produced by the comparator. 
A motor signal may still not 
be produced, because of the 
dead space in the control. 


ON-OFF CONTRO 


ELECTRICAL 

SUPPLY 


DEAD SPACE 



TO MOTOR 


ELECTRICAL DEAD SPACE 


occurrence 

Suppose that the control is producing a signal to 
the motor. When the control is variable, this 
signal will be small for small errors. This 
small signal might not be enough to overcome 
static friction, and start the load moving. The 
error necessary to cause a sufficiently large 
motor signal to overcome static friction is 
additional dead space in the system. 


POTENTIOMETER 

CONTROL 


Total dead space in a system consists of the difference needed 
to produce an error in the comparator, plus the error necessary 
to produce a s^nal in the control, plus the signal required to 
start the motor and move the load. 


INTEGRAL CONTROL 


Dead space in the control, motor and load may 
be eliminated by proper construction of the 
servo system. A type of control, called integral 
control, will eliminate most dead space in a 
servo. The error is fed into an integrator. The 
carriage of the Int^rator is displaced by the 
error. Even slight displacement of the carriage 
will cause the Integrator to produce an ever- 
increasing signal. 


SAAALl ERROR 







MINIMUM SIGNAL 
WHICH WILL 
MOVE LOAD 
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that the order shaft Is turned before moving the load is 
called dead space. Dead space is the minimum error 
which will cause the system to activate the load. 


reduction 

Mechanical dead space in the motor and control can be 
reduced by more exact construction of mechanical parts. 
However, some dead space is inevitable in any mech¬ 
anism. The effect of dead space may be reduced by 
multiplying the input to the mechanism. 



SMALL INPUT 



It is necessary in the above arrangement that there be 
little or no dead space in the gears as conyiared with 
dead space in the mechanism. 


reduction 

Just as dead space can be reduced mechanically 
by a high gear ratio, dead space may be reduced 
electrically by an an:q)lilier with a high gain. 
Increased gain produces greater motor signals for 
smaller errors, thus decreaslngthe minimum error 
necessary to start the motor and move the load. 


ERROR 



MOTOR SIGNAL 


LOW GAIN 



HIGH GAIN 



+ 



The speed of the integrator output is proportional 
to the error. Even when the error is small and 
the output speed is small, the fact that the output 
is continually moving means that eventually It will 
reach a value sufficient to move the load. The 
output of an ordinary control does not move when 
the error does not move. 


SMALL ERROR 

In a servo system, integral control may 
be used together with ordinary control. 


POTENTIOMETER 


-W 


COMPARATOR 


4 

ORDINARY 

CONTROL 


-f- 

7 



4 

INTEGRAL 

4 


7 

CONTROL 

T 



POWER 


INTEGRATOR 


LOAD 


SPEED PROPORTIONAL 
TO ERROR 


A system using integral control 
is extremely unstable, and is 
usually modified in use by high 
damping or by negative feedback. 
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PERFORMANCE OF SERVOS 


LAG 


Except for a brief discussion under stability we have always considered 
the order to be a constant value. We assumed that the order started at 
zero, was turned to a fixed position, and remained there while the load 
approached a position equal to the order position. 


OCCURRENCE OF LAG 


If the order tothe servo is moving, the load must 
be moved. When dead space has been overcome, 
and the load is started in motion, there is still a 
certain amount of resistance in the load. Some 
motor torque is necessary to overcome this 
resistance. The only way to 8u{q)ly the torque is 
to have an error sufficient to turn the control to 
the proper value. The motor will then supply 
the required torque to the load. The error rep¬ 
resents a difference in the positions of order 
and load. This difference in positions is called 
lag. Lag is similar to dead space because both 
are differences between the order position, and 
load position. Dead space is a difference needed 
in order to start the load moving, and lag is a 
difference needed to keep the load moving. 



effect of control on lag 

If the control used is an on-off control, the term lag 
is meaningless. Lag Is caused by the constant small 
force exerted to overcome friction of the load while 
it is moving. An on-off servo does not exert such a 
small torque; it is either full power on, or full power 
off. Therefore, it will constantly catch up to, and fall 
behind, a moving input. It will not lag. Discussions 
of lag apply only to variable control servos. 


constant speed lag 

When the load is moving at a constant speed, the load 
resistance is composed of two types of friction: 

1. Dry friction — Torque to overcome friction 

= constant - Ki 

2. Wet friction — Torque to overcome friction 

is proportional to speed - K2s 
Each type of friction exerts a torque which opposes 
the motor torque. Total motor torque to overcome 
dry and wet friction is then: 

Total motor torque ^ Ki + K2S 


acceleration lag 

ff the load is accelerating, an additional torque will 
oppose the motor torque. This torque is caused by 
the inertia of the load. The torque required to over¬ 
come load inertia is proportional to acceleration: 

Torque to overcome inertia - Ksa 

Total motor torque to accelerate a load is then: 

Total motor torque = 'i* K28 + K3a 


In order to produce this torque, a signal must be sent 
to the motor. To produce this signal, an error must 
be sent to the control. 

To produce this error, there must be a difference 
between order and load position; the difference is lag. 
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However, the order does not often remain at a constant position. For 
instance, the ordered position of a gun will constantly be changing as 
the target moves. When the order is moving, 1 ^ is the difference be> 
tween order and load positions needed to keep the load moving. 


REDUCTION OF LAG 


CONTROL CHARAOERISTIC 
WITH LOW GAIN 


CONTROL CHARACTERISTIC 
WITH HIGH GAIN 


Increasing gain 

Lag, like dead space, maybe reduced by increasing 
gain. The motor signal is determined by the load 
resistance. With low gain, a large error, and there¬ 
fore a large lag, will be required to produce this 
motor signal. With high gain, a small error, and 
therefore a small Is^, will produce this motor signal. 




positive feedback 


The reason for the existence of lag 
is that an error is necessary to 
produce a motor signal sufficient to 
move the load. But, if the proper 
motor signal could be produced 
without a large value of error, then 
lag could be reduced. Positive feed¬ 
back tries to reduce lag in this way. 
Positive rate feedback measures the 
speed of the load, and adds this speed 
value to the error. Thus, the error 
itself need not be large in order to 
produce the proper motor signal. 
Since the error is reduced, the lag 
is correspondingly reduced. 


SERVO WITHOUT POSITIVE FEEDBACK 



forge Error and Large Lag 


SERVO WITH POSITIVE RATE FEEDBACK 



Smo/f Error and Small Lag 


Similarly, values Ki and Ksa could be fed back and added to the error. 
Thus, the total value Ki 'i* K26 -t- Ksa could be fed to the control while 
the error remains at zero, thereby eliminating lag entirely. 


SUMMARY 


The purpose of a servo is to make the load position equal to the order position. Lag 
and dead space inaservo mean that the load position andorder position are not equal. 
Therefore, they are undesirable features of a servo. Dead space may be reduced by 
increasing the gain, or by integral control. Lag may be reduced by increasing the 
gain, or by positive feedback. 

A disadvantage of these measures is that they decrease the stability of a servo. Lag 
is reduced by positive feedback. Stability is improved by negative feedback. In 
general, a compromise must be reached between the amount of lag and the degree 
of stability in a servo system. 
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PERFORMANCE OF SERVOS 


FREQUENCY RESPONSE 


At first, we considered the order as being 
suddenly put at a fixed value. Later, we 
studied the case irtiere the order slowly 
increased or decreased in value, where 


MEANING OF 
FREQUENCY RESPONSE 

The frequency response of a servo depends upon the range 
of frequencies over which the order may oscillate, and 
still produce similar oscillations in the load. 

Assume that an oscillating order is put into a servo. The 
load may behave in several ways. Ideally, it would oscil¬ 
late at the same frequency, amplitude, and phase as the 
order. Actually, the amplitude and phase of the load are 
different from those ofthe order. The frequency is usually 
the same as that of the order. 

A servo may follow the order in amplitude, and differ in 
phase, it may follow the order in phase and differ in 
amplitude, or it may differ in both phase and amplitude. 


fxjyvxi 


TIME 



ORDER 

LOAD may otcillats 
ot phoM diKsrent 
from th* order 


LOAD may oscillote 
at an amplitude 
different from order 


TIME 


EFFECT OF 

GAIN AND DAMPING ON 
FREQUENCY RESPONSE 


The higher the frequency of the order, the more difficult 
it is for a servo to accurately follow it. Damping and 
gulp affect frequency response similarly to the way they 
affect lag. High gain, and low damping, will improve the 
frequency response. 

Frequency response is a good way of judgii^ servo per¬ 
formance, because good frequency response involves a 
balance of damping and gain, so that maximum stability 
anri least lag are attained. If a servo responds accurately 
to a wide range of frequencies, It has a correct balance 
between damping and gain. 


HIGH GAIN-LOW DAMPING 



Assume that a high frequency order is being put into the 
servo. If the servo has high gain, and low damping, in the 
rapidly increasing error at the beginning of the order 
motion will cause the load to leap to a response, and 
catch up to the order. However, when the order reverses 
direction, low damping and high gain will cause the load 
to overshoot. 

LOW GAIN-HIGH DAMPING 



If the servo has low gain, and high damping, the load will 
move slowly while the order is changing rapidly, causing 
large lag. However, when the order changes direction, 
low gain will cause little overshoot. 
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It was constantly moving. Actually, the 
order to a servo may accelerate, start, 
stop, or oscillate about a fixed point. We 
will now consider actions of a servo while 


the order oscillates. When the order is 
constant, oscillations of the load are un¬ 
desirable. When the order oscillates, the 
load must oscillate in a similar manner. 


The frequency response action is similar to the steering 
of a ship. Since the ship does not respond immediately to 
a change in rudder angle, maximum turning of the ship 
occurs after maximum rudder movement. Therefore, 
the ship and rudder motions will be slightly out of phase. 




RUDDER IS MOVED SLOWLY BACK AND FORTH 
(LOW FREQUENCY) 

SHIP FOLLOWS 
POSITION OF RUDDER 




SHIP AND RUDDER MOTIONS 
DIFFER IN PHASE 




Frequency response of a ship 
to rudder motion is limited. 


RUDDER IS MOVED RAPIDLY BACK AND FORTH 
(HIGH FREQUENCY) 

SHIP HEADS ON STRAIGHT COURSE 


\ 



SHIP AND RUDDER MOTIONS DIFFER IN AMPLITUDE 


IMPROVEMENT OF FREQUENCY RESPONSE 
by error rate control 


A type of control which would have desirable frequency 
response is one with high gain when error is r^ldly 
increasing, so as to immediately leap to response, and 
low or negative gain as the error is decreasing, so as 
to prevent overshoot. 

Error rate control is the type which will do this. The 
rate of change of the error, rather than the error itself, 
acts as the li4)ut to the control. For rapidly increasing 


errors, the control is turned to a high value. For rapidly 
decreasing errors, the control is turned to a negative 
value (braking action). For constant errors, the control 
is turned to zero. 

Error rate control is achieved by measuring the error 
shaft speed by means of a speed sensitive device. The 
output of the speed sensitive device indicates the input 
to the control mechanism. 



The disadvantage of error rate control is that when the 
error is not changing, no signal is sent to the motor. 
For oscillating orders, where the order is constantly 
changing, this handicap is not felt. But in servos, where 
the order might be e;q)ected to change slowly, the low 
rate of change of error might provide a motor signal 
Insufficient to move the load. Thus, the order could in¬ 
crease slowly to a high value, without moving the load. 


To overcome this disadvantage, the error signal is 
added to the error rate signal. With this arrangement, 
a very slowly changing (or low frequency) order has 
little effect on the error rate signal, and the system 
acts like a basic servo. When the order is changing 
r^idly, the error rate signal gives an added boost to 
the regular error signal, enabling the load to catch up 
to the rapidly changing order. 
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PERPORAAANCE OF SERVOS 


MATHEMATICAL ANALYSIS OF BASIC SERVO 


DETERMINING GENERAL DIFFERENTIAL EQUATION 

As we have seen on the previous page, 

Total motor torque - torque to overcome dry friction 
torque to overcome wet friction 
+ torque to accelerate load 
s Ki Kzs •¥ Ksa 
where = dry friction constant 
K2 - wet friction constant 
K3 = acceleration constant (inertia) 

The input to the control is the error. The output torque 
of the motor is a function of the error. The nature of 
this function Independent upon the characteristics of the 
control and the motor. 

Total motor torque » f(e) » + K2S + Ksa 

where e = error, and f(e) means function of error. 


STANDARD FORMS OF ORDERS 

For purposes of system analysis, the standard ways of 
specifying the order are: 


We will study the step and 
ramp orders mathematically. 
The analysis of a sinusoidal 
order is complicated, and is 
discussed in a qualitative 
way in Frequency Response. 
Actually, the order may take 
any form. The above forms 
are merely standard for 
evaluating design of servos, 
and servo performance. 


ORDER VARIES 
SINUSOIDALLY AT A 
CERTAIN FREQUENCY 
do = A sin u)t 
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We have seen how it Is possible to determine 
the relative stability and lag characteristics 
of servos without a mathematical analysis. 
The purpose of this discussion is to give the 


student the means to quantitatively evaluate 
these characteristics, as well as the ability 
to properly Interpret the characteristics of 
a servo in mathematical terms. 


When the control is variable, and the motor produces a 
torque proportional to the error, 

Torque = f(error) = K4(error) 

where K4 would be equal to system gain. 

Then: 

motor torque = K4(do - ffr) - * K2^r + Ks&r [Eq. 1] 


The above is the general differential equation which 
mathematically describes operation of a basic servo. 


The solution is an equation of the form: 

dr s f(do} (GENERAL SOLUTION) 

which is the response as a function of the order. 

When the variation of the order with respect to time is 
known, we obtain the form: 

dr = f(t) (PARTICULAR SOLUTION) 


The equation dr » f(t) is used to analyze the behavior 
of the servo. In order to get this final equation, we must 
first specify the variation of the order with time. 


NATURE OF 
SOLUTION 


STATEMENT OF 
GENERAL 
STEADY-STATE 
SOLUTION 


There are two parts to the solution of the differential equation for each condition: 

1. Steady state (after the servo has settled down). 

2. Transient (before the servo has settled down). 

The complete solution is the sum of the two parts. 

STEP ORDER RAMP ORDER . ^ 




For a basic servo system the general solution for steady state is: 
dr = (l-^D+i^^^^D'+^D3 +. . .)(do-Ki) 


[Eq. 2J 


The equation is of the form dr » f(do). 
It consists of an infinite series. D is 
the derivative with respect to time. 

Dd - d 

D^ is the second derivative with respect 
to time. 

D*d = 

The e3q)onent of D is an indication of the 
number of times d is to be differentiated. 


Ki is dry friction. It 
equals zero at all times 
when load speed equals 
zero. At other times 
it is constant. K2, K3, 
etc., are as defined 
above, and they are 
always constant. 
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PERFORAAANCE OF SERVOS 


MATHEMATICAL ANALYSIS OF BASIC SERVO 

PARTICULAR STEADY-STATE SOLUTIONS 


For a step order: 
9 o B constant > C 


For a ramp order: 
do 3 constant x time » Vt 

where V is the speed of do 
(slc^e of ramp) 


C is substituted for do in [ Eq. 2] general) and the steady- 
state particiilar solution is: 

dr B do Only the first term 

of the general equation 
does not equal zero. 

Ki B 0 at steacty-state 
step order. 

The value Vt is substituted for do in [Eq. 2] (general), 
and the steady-state particular solution is: 

dr = Vt - Kj^ - V Only the first two terms 

of the general equation 
are not equal to zero. 


Since do 


Vt, dr will be less than do by the amount: 


Kl 




This is the amount of lag in the system. Ki and K2 are 
friction constants. Increasing them increases lag. V is 
the speed of the iiq>ut. Increasing V increases lag. K4 is 
the gain of the system. High gain means low lag. 


Thus, mathematical analysis bears out conclusions reached 
previously. Lag is directly proportional to the damping, 
and is inversely proportional to the gain. 


MATHEMATICAL ANALYSIS OF 


The same type of analysis can be ^plied to a more 
complicated servomechanism; for instance, a servo 
with stabilizing negative feedback. 


DIFFERENTIAL EQUATION 
AND 

STEADY-STATE SOLUTION 



Since the speed-sensitive device is a differentiator, 

output B constant x derivative of liq)ut 
= Ksdr 


Motor torque - K4(e - Ksdr) = Ki + K2^r -f Ks’dV 
K4{do - dr - Ksdr) = + K2dr + K^ 9 r 

The general steady-state solution is: 


dr = 


1 - + K5) D + (. 


.) D’ 


do - Kl 
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TRANSIENT SOLUTION 


The above solutions ^ply only to the steady-state situation. 
The complete solution equals the sum of the above solution, 
and the transient solution. The transient solutions are 
complicated, and are not shown here. However, the result 
of analysis shows that if dry friction is negligible: 


when 

K2= 

the system will arrive at a steady-state condition in the 
shortest possible time, without oscillations. 


The ratio 



is the damping ratio. 


STEP ORDER 


CRITICAL DAMPING 
NO OSCILLATIONS 


OVERDAMPED 
SLOW RESPONSE 


t 



UNDERDAMPED 

/ 

OSCILLATIONS 


t 




Most servos are designed so that their 
damping ratio is unity, or close to unity. 
Sometimes, slight oscillations are permitted. 


RAMP ORDER 



SERVO WITH RATE FEEDBACK 


PARTICULAR 

STEADY-STATE SOLUTIONS 

For a step order, 8o - constant » C 
and the steady-state solution is: 

dr = do, as before. 

For a ramp order do = Vt 
and the steady-state solution is: 

dr = Vt - Ki - (^ + Kg) V 

The lag for a servo with stabilizing (negative) feedback is: 
Ki + ^ V + KgV 

This lag is greater than the lag of the basic servo by the 
amount KgV. 


TRANSIENT SOLUTION 

A transient analysis 
shows that 
the damping ratio 
is: 

2VK3K4 


The higher ratio means that 
the servo is more stable 
with negative feedback than 
without it. This confirms our 
previous qualitative analysis. 


SUMMARY 


Similar analyses can be made of other types of servos. 
Positive feedback does exactly the opposite of negative 
feedback. It decreases the lag by the amount KgV, but 
also decreases the damping ratio, causing instability. 


It will be found upon analysis that integral control will 
also reduce lag, and reduce the damping ratio. Dead 
space, because of its discontinuous nature, is difficult 
to analyze mathematically. 
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PERFORMANCE OF SERVOS 


APPLICATION 


TORPEDO DEPTH CONTROL 


The torpedo depth control mechanism is a servo 
which may be analyzed in relation to principles 
studied in this chapter. Consider the action of 
the depth control mechanism. 

A spring is set in tension by turning the depth 
adjustment (order). The water pressure acts 
against this spring by pushing on a diaphragm. 
Pressure is proportional to the depth of the 
torpedo (response). Assume that the torpedo is 
at a lower depth than the ordered value and in¬ 
clined down. The difference in pressures (error) 
is transmitted through linkages to the pneumatic 
control which controls the power positioning the 
horizontal rudders. The horizontal rudders move 
the torpedo (load) upward in the water. 


DEPTH ADJUSTMENT 



The pendulum measures the angle of the torpedo from the vertical. 
This angle is proportional to the rate of change of depth. The 
pendulum force Is subtracted from the error force by the linkage. 



ANGLE A PROPORTIONAL TO 
RATE OF CHANGE OF DEPTH = Ks 



* • • IS TO PERFORM THE FOLLOWING SUBTRAOION 


(force exerted by link) 
ERROR- 



SIGNAL TO 
CONTROL 


T 


RATE OF CHANGE 
OF LOAD POSITION =K» 


(force exerted 


by pendulum) 


The entire system is a servo with negative rate fee<ft>ack. 
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CHAPTER 5 



^ principles 
\ display 
\ design 
^ limitations 
\ systems 


1 

.. V J. 




T. * 




NT'-' 


THE PROBLEM OF VISIBILITY 


poor visibility decreases efficiency 

A man Is driving his car along a winding road and into 
a fog. The driver's vision is restricted. He must re¬ 
duce his speed, and be alert to avoid obstacles which 
may lie in his path. Hie reduced visibility has forced 
the driver to cut down his speed. Hierefore, his effi¬ 
ciency in reaching his destination on time is reduced. 


Poor visibility will also decrease naval (^rational 
efficiency. Visual navigation becomes difficult or im¬ 
possible; speed must be reduced to prevent collisions. 
Fire control dependent on optical sighting is Impossible 
in darkness, fog and smoke screens and impaired by 
glare, haae and clouds. Thus, the efficiency of a ship 
which relies solely on optical navigation or fire control 
is directly dependent on conditions of visibility. 


system needed to operate The reduction of the driver's efficiency may result only in some minor 

In all visibility conditions inconvenience. Decrease of naval efficiency in time of war could result 

in extensive loss of life and equipment. Thus, a means had to be devised 
to obtain full cg)erational efficiency regardless of visibility conditions. 


RADAR SOLVES THIS PROBLEM 


radar system developed 


Shortly after World War II began, a detection system, 
known as RADAR (RAdlo Detection And Ranging), was 
developed, tt was used in addition to the critical means 
ot sighting and navigating. Radar enables a ship to de¬ 
tect obstacles, other ships and objects through any 
visibility condition — fog, glare, darkness and smoke 
screens. Hius, the human element and optical system 
can be replaced by an accurate electronic system. 
Radar is the primary detection means on modem ships. 


Since radar replaces optical sighting, it must function 
to provide the same information as an optical system. 
Radar searches the area as a lookout, locating any ob¬ 
jects in its path. U gives accurate range, bearing and 
elevation information of objects far beyond the sight of 
a lookout. While the radar operator can perform his 
duties below deck, lookouts must be stationed On deck, 
exposed to the elements of weather which cause a 
lowering of (grating efficiency. 


Shortcomings of optical sighting have been noted above, and the role of radar, which 
overcomes these shortcoihings, was introduced. In the following pages, it will be 
nr rTfJt>TJrP 8lK>wn how radar overcomes these shortcomings. Hie basic principles and design 

^ ^tiArlLii aspects of radar will be discussed. Limitations due to operational and design factors, 

and the method of displaying radar information, will be covered. Finally, to give the 
student a complete picture of radar. Integrated system operation will be discussed. 
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RADAR 


Just as the man In the example searched 
an area where he lost his ring, the captain 
will use radar to search an area where 
an enemy or obstruction might be. 




What lies ahead . . enemy? . . obstruction? . . . 


THE ECHO PRINCIPLE 


Radar searches by sending out 
energy in a beam. When this 
energy hits an object in its path, 
some of the energy is reflected 
to the radar. The detection of 
objects by reflecting energy off 
their surfaces is known as the 
echo principle. 


LIGHT 


To illustrate the echo principle 
operation in radar, we will 
CMisider a familiar example of 
the same principle, using light. 
Then, the anal<^ous operation 
of the echo principle in radar 
will be shown. 


A valuable ring is lost 


PRINCIPLES 


RADAR 









detection of objects 


Surrounding area SEARCHED with flashlight 


REFLECTED LIGHT hits man’s eyes, 
and RING IS LOCATED 




Radar SEARCHES with electrical energy beam 



Radar searches with a beam of electrical energy 
instead of with a beam of light. This energy is 
produced by a transmitter, and is sent out from 
an antenna. The transmitter and antenna are 
similar in principle to those used by radio 
broadcasting stations. 


/Vote 

Although the physical ^>pearance and 
technical details of radar equipment 
vary greatly from set to set, all 
radar sets use the echo principle. 


REFLECTED ENERGY bounces back to receiver 
and OBJECT IS LOCATED 



When the beam of electrical energy hits an object 
in its path, the energy is reflected. Some of this 
reflected energy travels back to the antenna, and 
is picked up by a receiver. The receiver is sim¬ 
ilar in principle to a radio receiver. 


summary 

From this discussion, we have seen that radar 
searches with a beam of energy, and detects 
objects in the beam by the echo principle. On 
the following pages, the manner in which radar 
uses the echo principle to determine the range 
and direction of an object will be discussed. 


IAS 
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RADAR PRINCIPLES 


THE TIMING PRINCIPLE 


The energy transmitted In radar is of a known 
speed "[328 yards/microseconds (yd/usec.)]”* 
When this energy strikes a target, an echo is 
produced which travels back to the receiver. 
The time of the energy travel to the target and 


back Is in the order of microseconds, and can 
be precisely timed by electronic means. Ilien, 
knowing the speed and time, the distance of the 
energy travel is calculated. The range to the 
target is one-hall this round trip distance. 



Radar transmitter 
is turned on and off . . . 


producing a 
burst of 
electrical 
energy. 


When energy strikes target, 


REQUIREMENTS FOR TIMING ENERGY TRAVEL 


There are two requirements for the timer These timing requirements ore seen 

shown in the above illustrations: in the operation oi o stopwatch • • 


time sweep 


marking 
transmitted 
and received 
puises 


To determine the time between trans¬ 
mission and reception, an indicator which 
moves at a constant speed over a known 
time interval is used. The indicator 
movement over the known time interval 
is called the time sweep. Hie time be¬ 
tween any two points on the time sweep 
can be determined. 

By marking the time of transmission and 
the time of reception on the time sweep, 
the energy transit time is determined. 


timer is 
started 


indicator moves 
at constant speed 



energy is 
transmitted 


energy moves 
at constant speed 


marking 

transmittad 

pulse 


time 

sweep 
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determination of range 



energy Is reflected. Some energy Returning echo 

returns toward radar. is received by radar. 


• • • • performing one revo/ufion 
echo is ° icnown interval of time 

received 



timer Is By comparing length t with 
stopped length T (known interval 

of time), the energy transit 
marking determined 

roceivod 

pulse 


summary 

bitervals timed in radar are in the 
order of microseconds. The stop> 
watch was shown to demonstrate the 
timing requirements, and could not 
be used to time such short Intervals. 

Electronic means, used for timing 
and displaying range information, 
fulfill the same requirements. Tim¬ 
ing and range display, by means of 
the cathode ray tube, are discussed 
later in the chapter. 
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RADAR PRINCIPLES 


THE TIMING PRINCIPLE 


The energy transmitted In radar is of a known 
speed "[328 yards/microseconds (yd/usec.)]". 
When this energy strikes a target, an echo is 
produced which travels back to the receiver. 
The time of the energy travel to the target and 


back is in the order of microseconds, and can 
be precisely timed by electronic means. Ilien, 
knowing the speed and time, the distance of the 
energy travel is calculated. The range to the 
target is one-half this round trip distance. 



Radar transmitter . . . producing a When energy strikes target, 

Is turned on and off . . . burst of 

electrical 

energy. 


REQUIREMENTS FOR TIMING ENERGY TRAVEL 


niere are two requirements for the timer These iiming requirements are seen 

shown in the above illustrations: in the operaiion of a stopwatch • • 


time sweep 


marking 
transmitted 
and received 
pulses 


To determine the time between trans¬ 
mission and reception, an indicator which 
moves at a constant speed over a known 
time Interval is used. The indicator 
movement over the known time interval 
is called the time sweep. The time be¬ 
tween any two points on the time sweep 
can be determined. 

By marking the time of transmission and 


indicator moves 
at constant speed 


the time of reception on the time sweep, 
the energy transit time is determined. 


timer is 
started 



energy is 
transmitted 


energy moves 
at constant speed 


marking 

transmitted 

pulse 


time 

sweep 
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determination of range 



energy is reflected. 


Some energy Returning echo 

returns toward radar. is received by radar. 


.... performing one revo/ufion 
echo Is ° Jcnown inferval of iime 

received 



marking 

rocaivod 

pulse 



By comparing length t with 
length T (known interval 
of time), the energy transit 
time is determined 


summary 


bitervals timed In radar are in the 
order of microseconds. The stop¬ 
watch was shown to demonstrate the 
timing requirements, and could not 
be used to time such short intervals. 

Electronic means, used for timing 
and displaying range information, 
fulfill the same requirements. Tim¬ 
ing and range display, by means of 
the cathode ray tube, are discussed 
later in the chapter. 
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THE SCANNING PRINCIPLE 


Radar energy is directed 
into a beam by the antenna. 
Tbe radar beam varies in 
intensity, being stronger 
along the antenna axis, and 
decreasing in intensity as 
the angle from the antenna 
axis increases. 




scanning in 


one piane . 


Target direction, in one plane, is determined by scanning the beam in that plane. 


VERTICAL DIAMETER 
OF BEAM 

T 



Regardless of 
the elevation of 
the antenna axis 
as the beam 
is scanned 
across the target, 
the maximum echo 
is produced when 
the vertical diameter 
of the beam is 
on the target. 


Tbe direction producing 
the maximum echo is 
noted as the beam is 
scanned across target. 



To get on target, the 
beam is then moved to 
the direction producing 
the maximum echo. 


To determine 
direction in a 
horizontal plane, 
the vertical 
diameter of the 
beam must be 
scanned across 
the target. 

To determine 
direction in a 
vertical plane, 
the horizontal 
diameter of the 
beam must be 
scanned across 
the target. 


To get the radar on an aerial target, both the 
horizontal and vertical deviations of the target 
from the antenna axis must be determined. 


scanning in two pianes 


To determine 
the horizontal deviation, 
the beam Is scanned 
horizontally. 



CENTER 
OF SCAN 
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When the taz^et is 
moving horizontally 
and vertically, both 
the horizontal and 
vertical deviations 
constantly change. 
To obtain accurate 
resultant deviation, 
both the vertical 
and the horizontal 
deviations must be 
determined at the 
same time. 


To determine 
the vertical deviation, 
the beam is scanned 
vertically. 


The resultant of 
the horizontal and vertical 
deviations shows the direction 
in which to move the 
antenna axis to get on target. 





determination of direction 


The magnitude of the echo depends on 
the position of the target in the beam. 
The maximum echo is produced when 
the target is in the strongest part of 
the beam; that is, when the target is 
on the antenna axis. Thus, in order 
to determine the target direction, 
the beam is moved until the echo 
received is maximum. 



The movement of the radar beam to 
determine the maximum echo is known 
as scanning. The manner in which 
the radar beam should be scanned 
to determine the target direction 
will now be disciissed. 


determination of bearing 


Suppose the target is moving, and To facilitate following a moving target, the beam 

moves off the beam diameter. diameter is continually scanned across the target. 



Ibe echo magnitude decreases, indicating that 
the target is no longer on the beam diameter. 
But the direction in which the target has moved 
is not indicated. In order to determine the 
new direction of the target, the beam diameter 
must be again scanned across the target. 



CENTER 
OF SCAN 


Scanning in one 
plane precisely 
locates targets 
in only one plane. 

is used in sur¬ 
face fire control 
to determine 
bearing of ships, 
targets of known 
elevation. 


By timing when the maximum echo 
occurs, the target deviation from the 
center of the scan is determined. 


determination of bearing and elevation 


The resultant deviation of 
the target can be found 
directly by employing a 
different kind of scan; 
that Is, scan by rotating 
the beam in a circle. 



When a target is in the scanned area, the beam 
diameter crosses the target at a particular angular 
displacement, causing maximum echo. By timing 
when the maximum echo takes place, the angular 
direction of the target from the start of scan is 
determined. Displacement of the target along the 



angular direction 
depends i4)on the 
ratio between the 
maximum echo and 
the minimum echo 
in the scan. 


The method of scan shown is 
called conical scan because 
the beam traces a cone. 



SUMMARY 

Accurate timing is required in 
determining direction by scan¬ 
ning. The cathode ray tube is 
used to display the target 
position in the scanned area. 
Direction display is discussed 
later in the chapter. 
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RADAR 


DISPLAY OF INFORMATION 




Radar requires a means of timing 
the transit of the echo, and of 
indicating maximum echo In the 
scan. The required accuracy and 
speed of operation are attained 
electronically by using a cathode 
ray tube (CRT) for the indicator 
of the radar. Operation of the 
CRT, and the principles it uses 
in displaying range and direction, 
are now discussed. 


PRINCIPLES OF 


The 

the heoting element 
of the CRT. 
The filament heots 


. the 

The hot cathode 
emits electrons 
which post through the GRID. 

and are focused end occeleroted 
in 0 straight path 
by ANODES 

OR FOCUSING cons, and moy be deflected 
from the stroight path 
by DEFLECTION PLATES 
OR MAGNETIC DEFLECTION COIL. 


DEFLECTION OF LIGHT SPOT 


Light spot deflection may be accomplished by two different 
means—deflection plates, used in an electrostatic CRT, a 
magnetic deflection coll, used in an electromagnetic CRT. 


deflection plates 


magnetic deflection coil 


An electron is a negatlye charge. It is attracted to a 
positive-charged body, and repelled by a negative- 
charged body. To attract or repel the electrons from 
a straight path, it is necessary only to put a voltage 
charge on one of the deflection plates. The greater 
the voltage, the greater the attraction or repulsion. 

HORIZONTAL DEFLEOION 



To attract or repel the light spot horizontally, a 
voltage is applied to the horizontal deflection plates. 


VERTICAL DEFLEaiON 



voltage is applied to the vertical deflection plates. 


HORIZONTAL AND VERTICAL DEFLEaiON 
To attract or repel the 
light spot horizontally 
and vertically, voltages 
are applied to both sets 
of deflection plates. 



The electron stream may be deflected from a stra^ht 
path by energizing the magnetic deflection coll. The 
electron stream is deflected by the field between two 
electromagnets. As with the deflection plates, the 
greater the intensity of the signal, the greater the 
attraction or repulsion of the light spot. 



A set of deflection plates, mounted internally, can 
deflect the electron stream along only one diameter. 


: ■:.« 



Because the magnetic deflection coil is 
mounted externally, it can be oriented to 
deflect the electrons along any diameter. 
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THE CATHODE RAY TUBE 



In the display of radar Information, 
the electron stream and light spot 
can be deflected from the center, 
swept across the screen, and also 
can be varied inbrightness (inten¬ 
sity modulation). These are used 
individually, or in combination, to 
display information. These three 
ways of affecting the screen display 
are discussed below. Their uses 
in radar indicators are shown on 
the following pages. 


SWEEP OF LIGHT SPOT 


As the voltage on the deflection plates Increases, the electron stream 
and light spot are deflected across the screen. Because of the screen 
persistency, a line of light glows along the path of the light spot. 



sweep voltage 


When the voltage increases uniformly with time, the light spot moves 
at a constant speed across the screen. Then, the voltage returns to its 
original value, and the light trace returns to its starting position. This 
return is made as short as possible, and Is blackea out on the screen. 


Because it causes the light spot to 
sweep across the screen, this volt¬ 
age is known as a sweep voltage. 
Because of its shape on the graph, 
it is called a sawtooth voltage. 


vottoge for 



full 

defitction 
lo righf 




voltogo for 

sweep time fuii d«fi«tior h, Kti 

The speed of the light spot can be Increased by making the 
sweep voltage change in a shorter period of time (sweep time). 



A voltage applied to the magnetic deflection coil similarly causes 
the light spot to sweep at a constant speed across the screen. 


INTENSITY MODULATION 
OF LIGHT SPOT 


The brightness of the light spot depends on 
the number of electrons which hit the screen. 
The cathode is always emitting about 
the same number of electrons. The value 
of voltage applied to the grid controls the 
number of electrons from the electron gun. 




When the grid is made slightly negative, 
the electrons are repelled back toward the 
cathode. But some electrons will have 
sufficient energy to get by the grid. 



■NO ELECTRONS GET THROUGH 


Thus, by varyii^ the voltage on the grid, the 
brightness of the light spot can be varied. 


isizn o - 60 - iz 
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RADAR DISPLAY OF INFORMATION 


DISPLAY OF RANGE 


Range Is displayed on a time sweep by VERTICAL DEFLECTION 


In the display of range by vertical 
deflection, time of transmission is 
indicated on the time sweep by apply¬ 
ing a voltage pulse to the vertical 
deflection plates at transmission. 


Time of reception is indicated on the 
time sweep by first converting the echo 
into a voltage pulse, and then applying 
it to the vertical deflection plates. 



i 


JIOW THK CRT C-SKS VKRTICAI. [)K FI KCTION 
AM) TIM1-; SWKKP TO DISPLAY iTXNGK. 


1 



Timer causes vertical deflection, 
and starts sweep as it triggers 
transmitter pulse. 


Range Is displayed on a time sweep by INTENSITY MODULATION 

In the display of range by Intensity modulation, the grid is initially made 
negative. The time sweep is then a faint spot sweeping across the screen. 


At the time of transmission, a voltage 
pulse is applied to the grid, making 
the grid less negative. More electrons 
are emitted from the electron gim, and 
a bright spot is produced on the screen, 
marking the time of transmission. 


The received echo is converted into a 
voltage pulse which is applied to the grid, 
making the grid less negative. More 
electrons are emitted from the electron 
gun, and abright spot is produced on the 
screen, marking the time of reception. 




Timer causes bright spot, 
and starts sweep 
as it triggers transmitter pulse. 




HOW THK CRI C.SK.S VKRTICAL DK FI-KCTION 
AND TIMK SWKKP TO DlSi’LAV RANOK. 


f 
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The requirements for timing energy transit have been 
previously discussed. In review, the requirements are 
a time sweep and a means of marking the times of trans¬ 
mission and reception of energy. The sweep of the light 


spot on the CRT fulfills the requirements for a time 
sweep. Two means used to mark transmission and 
reception on the time sweep and, thereby, determine 
range, will now be discussed. 






















%)ot sweeps across screen 
at constant speed 

prc^rtlonal to speed of radar energy. 


Received echo piilse 
causes 

vertical deflection on screen. 


Sweep voltage 
continues spot 
to end of sweep. 



^t sweeps across screen 
at constant speed 

proportional to speed of radar energy. 


Received echo pulse 
causes 

bright spot on screen. 


Sweep voltage 
continues spot 
to end of sweep 
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RADAR DISPLAY OP INFORMATION 


DISPLAY OF DIRECTION 


An intensity modulated, electrostatic CRT is gun, and producing a bri^t spot on the screen, 

used in the display of direction. The grid is The position of the spot with respect to the 

initially made negative. When an echo is re> center of the screen is made to represent the 

ceived, the grid is made less negative, allowing position of the target with respect to the center 

more electrons to come from the electron of the scanned area. 


display of bearing 



The principle of timing to the maximum 
echo to determine target deviation from the 
center of scan was previously discussed. 

10* S’ O' S* 10* 


HOW 

THIS 

BEARING 

DISPLAY 

IS 

ACCOMPLISHED 


A voltage (Eb)> proportional to the angle between 
the center of the scan and the axis of the antenna, 
is applied to the deflection plates. The light spot 
deflection from the center of the screen represents 
the antenna deviation from the center of the scan. 


This information is displayed 
on the screen as shown below: 



display of bearing and elevation 

The principle of timing to the maximum echo to 
determine target direction and deviation from 
the center of scan was previously discussed. 



ACCOMPLISHED 

This information is displayed 
on the screen as shown below: 




As the beam is scanned, the echo 
magnitude varies sinusoidally. 


The variation of the echo is compared to a voltage 
proportional to the angle in elevation between the 
center of scan and the antenna axis. This voltage 
is also sinusoidal. The displacement in elevation 
is determined by the difference in phase of the two 
voltages, and the magnitude of the echo voltage 
variation. This elevation displacement is converted 
into a d.c. voltage (Ee) which is applied to the 
vertical deflection plates. 

Similarly, by comparing the echo voltage to a volt¬ 
age proportional to the angle in bearing between 
the center of scan and the antenna axis, the bearing 
displacement as a d.c. voltage is determined. This 
d.c. voltage (Eg) is applied to the horizontal de¬ 
flection plates. 
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BEAM DIAMETER , 
CROSSES TARGET 



note Eb is called bearing sweep voltage, because it sweeps the light spot 
in bearing as the antenna sweeps in bearing. Eb can be produced 
by using a potentiometer which is rotated as the antenna is rotated. 




note 


The brightest part of the spot, the center, is caused by the maximum 
echo. The weaker sides of the spot are caused by fairly strong 
echoes immediately preceeding and following the maximum echo. 
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RADAR DISPLAY OP INFORMATION 


COMBINED RANGE AND BEARING DISPLAY 


B-SCOPE 


The B'Scope display Is produced in the same way as the bearing display, 
with the addition of a range sweep applied to the vertical deflection plates. 



Instead of having a faint spot of light at each bearing of the antenna as 
it scans (as in bearing display), the faint light spot of the 6-Scope sweeps 
vertically in range. The range sweep spot moves rapidly with the respect 
to the antenna scanning rate. Therefore, the screen has the appearance of 
a vertical trace of light being swept in bearing as the antenna is scanned. 



P-SCOPE 

The P-Scope presents bearing and range in a display that may be 
regarded as the equivalent of an aerial chart of the surrounding area. 


The range sweep moves rapidly with respect 
to the antenna rotation rate. Therefore, the 
screen has the appearance of a radial trace 
of light being continuously rotated inbearing 
as the antenna is continuously rotated. 



The P-Scope display utilizes an electromagnetic CRT. A range sweep is 
applied to the magnetic deflection coil. The light spot is swept radially 
to indicate range. 

The external magnetic deflection coil is rotated as the antenna is rotated. 
The range sweep line is made to point in the same direction the antenna is 
pointing. Thus, the light spot sweeps radially (range) as it is rotated to 
correspond to the antenna rotation (bearing). 
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For a surface target, bearing and range provide the 
required position information. It is advantageous to 
display both bearing and range on the same screen. 


This is accomplished in the B-Scope, which displays 
range and asmall angle in bearing, and in the P-Scope 
which displays range and the complete 360" in bearing. 




SUMMARY 

The various screen displays shown 
are merely a few examples of the 
manytypes inactual use. Since radar 
indicators use the CRT principles 
discussed, the characteristics and 
operation of any particular screen 
<ttsplay can usually be determined. 
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RADAR 


DESIGN 


The c^abllities of radar are determined by its electronic 
design. The design features of pulse repetition frequency, 
power and pulse length are related to the range of radar. 


PULSE REPETITION FREQUENCY 


w 


w 


w 


w 


RADAR CONTINUOUSLY TRANSMITS 
TO DETECT TARGET WHEN 
IT COMES INTO RANGE 



RADAR CONTINUOUSLY TRANSMITS 
TO TRACK 
A MOVING TARGr 


THE NUMBER OF PULSES TRANSMITTED PER SECOND, IS CALLED THE PULSE REPETITION FREQUENCY (PRF) 


REQUIRED RADAR RANGE DETERMINES PRF 


Suppose the PRF were 1000 pulses/sec. 


Then, any echoes must be received within 1000 Msec. 
If one should arrive later, say In 1200 Msec., . . . . 



it would be mistaken for a short range 
echo of the second transmitted pulse. 


An echo at 1200 Msec, would be produced by a target about 100 
miles away. If this range is required of the radar, the PRF must 
be lowered to allow the echo from that distance to return before 
the next transmitted pulse. 

Thus, the maximum required range 
determines the highest PRF that can be used. 

example A 5-inch gun with a range of 40,000 yards would require a fire control radar 
with a maximum range of about 60,000 yards. Then, because echoes beyond 
60,000 yards are of no interest to the fire control radar of the 5-inch gun, its 
PRF can be designed to include only \q} to that range. 



PRF DETERMINES 

screen clarity 


With a low PRF, the fuzziness 
or grass along the trace of the 
screen is large. It may be large 
enough to hide a small target echo. 

But with a high PRF, the grass is 
smaller, and a small echo will not 
be as easily hidden in the grass. 



• • • screen persistency 

In order for the target to be continuously displayed, its echo 
pulse must remain on the screen until the next echo pulse 
appears; then, it must dis^pear. S it stays too long on the 
screen, the image will be obscured. S it disappears too 
soon, the image will be faint and undiscernable. This 
quality of the screen to hold an image alter it has been 
traced on it is called screen persistency. Screen persist¬ 
ency must be chosen to correspond with the PRF. 
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The range sweep design determines the accuracy possible 
on the display of range. On the following pages, these 
important design features of radar will be discussed. 


DESIGN OF RANGE DISPLAY 

RANGE SWEEP 

Previously, It was shown that the speed erf the spot on the screen can be varied 
by varying the time of the sweep voltage. The use of this will now be discussed. 


main sweep 

Suppose we have a radar with a range of 300 miles. This 
means we need a3600>Msec. interval between transmitted 
pulses. The spot is swept across the screen in 3600-Msec. 
Ibis sweep is known as the main sweep, because all the 
targets in the requiredrange are displayed on the screen. 

expanded sweep 

hi order to read accurately at short ranges, the range 
display can be decreased to read from 0 to 100 miles. 
This is done by decreasing the time of the sweep to 
1200 Msec. Because the short range portion is eiqpanded 
to cover the entire screen, thia sweep is known as the 
eiqianded sweep. The inteiral between pulses is still 
3600 Msec. Echoes arriving between 1200 and 3600 Msec, 
will not be displayed, as there is no sweep at that time. 

precision sweep 

A further modification is to allow a decreased range 
sweep to sweep over any part of the total 3600 Msec, 
interval. If we decrease the sweep to 300 Msec., the 
range displayed will be 25 miles. This display can be 
made to cover any 25>mile interval from 0 to 300 miles 
by delaying the start of the sweep. The sweep can be 
started any time during the 3600-Msec, interval between 
transmitted pulses. This sweep is known as the precision 
sweep, because the range of targets in the sweep can 
be precisely determined. 



MAIN SWEEP MAIN RANGE 



TIME 

EXPANDED SWEEP EXPANDED RANGE 



TIME 


PRECISION SWEEP PRECISION RANGE 


RANGE MARKER 


On a radar set that has more than one range display, the scope 
cannot be directly graduated in units of range. For exan^le, 
for three different sweeps, we would need three different scales. 


A range marker is used to determine the range of a 
target. On an A-Scope,the range marker Is a range 
step which is a sharp drop in the trace line. The 
range step is moved along the trace line by a range 
dial. When a target echo is in the front end of the 
rai^e step, target range is indicated on a counter. 


On a B-Scope, a range line, using the 
same principle as the range step, is 
moved vertically to indicate range. 





ECHO IS ECHO IS 
NOT GATED GATED 


This range marker is important 
for another reason. The range 
information must be computed 
before the radar will track a 
target. Range is computed by 
moving the range marker to the 
target echo. This is known as 
"gating the echo" in range. 
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RADAR DESIOM 


POWER AND 


peak power and average power 


Peak power Is the amount of power the transmitter produces. 

The greater the peak power, the greater the range of the radar. 


Radar energy is the energy produced when 

peak power radiates for time of transmission (pulse lengthX 


-PEAK POWER 


TIME' 


ENEI 


PEAK POWER 
ENERGY 


PULSE LENGTH 


RADAR ENERGY « (PEAK POWER) x (PULSE LENGTH) 


Average power is the power level, transmitting for the entire cycle, 
which would produce the same amount (rf energy as the peak power 
transmitting for the pulse length. The greater the average power, 
the greater the size erf the radar transmitter required to produce it. 



AVERAGE ROWER 







AVERAGE POWER » 


(PEAK POWER) X (PULSE LENGTH) 
TIME OF CYCLE 


duty cycle 

Radar equipment is designed for a large peak power with as small 
an average power as possible. Tbe ratio of average power to peak 
power is known as the duty cycle. Thus, we see that the radar is 
designed for the lowest possible duty cycle. 


-- PEAK POWER 
. AVERAGE POWER 


PULSE LENGTH 
-TIME OF CYCLE 


DUTY CYCLE = 


AVERAGE POWER 
PEAK POWER 


PULSE LENGTH 
TIME OF CYCLE 


The duty cycle can be lowered by mairing the time 
of cycle lax^ as compared to the pulse length. By 
increasing the time of the cycle, the PRF will be 
changed. We have seen previously that the PRF 
used is determined largely by other considerations. 
However, the pulse length can be decreased to give 
a low duty cycle. Pulse length in present radar 
sets is designed to be approximately 0.3 tiaec. to 
5 tieec., depending on the use of the radar. 


The duty cycle of a radar with a pulse length of 0.3 /xsec.,and a PRF of 2000 pulses/sec.,is: 
Time of Cycle = “ 500 #i8ec. 


IV,** _ Pulse Length 0.3 Msec. _ ^ 

^ ^ Time of Cycle ^00 Msec. “ 


Then, if a peak power of 150,000 watts is needed to attain a certain range, the average power is: 

Average Power = (Duty Cycle) x (Peak Power) » (0.0006) x (150,000 watts) » 90 watts. 
Thus, for a peak power output of 150,000 watts, the transmitter average power is only 90 watts. 
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PULSE LENGTH 


peak power and maximum range 

U was shown previously that maximum receivable range 
depends on PRF. But it does so only in a timing sense. 
Maximum range also depends on transmitter peak power 
output. The greater the range of the target, the lower 
will be its echo power. Past a certain range, depending 
on the power of the set, the echoes will be hidden in the 
trace fuzziness. To increase the range, the transmitter 
peak power must be increased. 


note 

Maximum range is also dependent on receiver sensiti¬ 
vity; that is, the degree an echo is amplified after it is 
received. The amount of this amplification is limited 
by electronic design capabilities. 



average power and maximum range 


By increasing the average power transmitted, the re¬ 
turning echoes have a greater average signal strength. 
This aids the receiver in the detection of weak echoes, 


and thus increases the maximum range of the radar. 
A greater average power is achieved on long range 
radars by using long pulse lengths. 


pulse length and minimum range 


A receiver is designed to receive pulses having ampli¬ 
tude in the microwatt range. When the transmitter is 
sending out a pulse, the receiver must be turned off; 
otherwise the large transmitter power would overload 
and saturate the receiver. Saturation would prevent 
the reception of echoes for what could be a consider¬ 
able length of time. 

The receiver is blocked for an interval about three 
times the length of transmission. If the pulse is 1 /xsec. 
long, the receiver is blocked for about 3 ^sec. 

This means that, after transmission of a pulse, any 
echo returning to the receiver before 3 ^sec. have 
elapsed will not be received and displayed. Thus 
targets up to 500 yards in range will not be detected. 


TARGET NOT DETECTED 


RADAR I 
RECEIVER 
RIOCKEO-1| 


If the radar Is a short range fire control radar, this 
might be a sizeable area of the scope. The pulse 
length would have to be shortened to receive echoes 
from short range targets. However, on radar with a 
range of hundreds of miles, blocking of the receiver 
for a short range is not critical. Long range radars 
use pulse lengths up to 5 nsec. 


note 

Short pulse lengths are used on short range fire control 
radars because they provide better range discrimination; 
that is, they are able to distinguish between closely spaced 
targets. This will be discussed in detail in DISCRIMINATION. 
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RADAR 


LIMITATIONS 


Radar is limited in its performance by factors external to the 
equipment, as well as the design features of the equipment. The 
limitations introducedby such design features as PRF, power, and 


OPERATIONAL 


curvature of the earth 


The maximum range of a surface radar, with 
no size restrictions limiting the power output, 
is limited by the curvature of the earth. 



false echo 


When a radar pulse hits an object it 
reflects in all directions. Part of it 
travels directly back to the radar. 
Part of It may travel back indirectly 
(such as reflecting off the surfiice of 
the water). Such an echo will arrive 
later than the true echo, because it 
has a longer distance to travel. 



In addition to false echoes on the 
A-Sct^e, when tracking low flying 
aircraft, inaccurate information 
on elevation is also presented. 



natural interference 


Large objects, such as land masses, 
obscure nearby targets. The ship 
echo and the building echo are both 
masked by the echo from the land. 
The reason for this is explained in 
DISCRIMINATION. 


Thunderstorms cause indications on 
the scope. The indications appear as 
fluctuating ragged pips, sometimes 
varying over a considerable range. 
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pulse length, were explained. Now, we will give consideration 
to some operational limitations caused by external factors, 
and also to the additional des^ limitation of discrimination. 


due to external factors 




The range of air search radar is not affected by the earth's curvature. 
The range is restricted by maximum receiver sensitivity 
and increased equipment size with increased peak power. 


two echoes 


When tracking a target, a second echo 
appearing on the scope may cause 
momentary confusion. This can be 
avoided by continuously viewing the 
tracking on the scope. If the correct 
echo can not be readily identified, it 
can usually be determinedby evaluating 
both echoes as to their size, speed,etc. 



man-made interference 


other radars operating on the same 
frequency and PRF sometimes cause 
interference on the scope. This may 
be accidental interference between 
friendly radars, or may be deliberate 
interference caused by the enemy. 


Deliberate interference, called jam> 
ming, is an attempt by the enemy to 
lessen the usefulness of our radar. 
An experienced radarman can recog¬ 
nize Jamming, and still effectively 
operate with the jamming, or he may 
be able to reduce or eliminate it. 
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RADAR LIMITATIONS 


DISCRIMINATION* * 



The ability of a radar to discriminate between objects 
close in bearing is called bearing discrimination. 


The first pip 
is caused 
as the 
beam diameter 
sweeps across 
the first ship. 


The radar 
is receiving 
strong echoes 
from both 
the first and 
second ships 
at the same time, 
and the pips 
overlap. 


BEARING DISCRIMINATION 
DEPENDS ON 
FOCUS OF BEAM 


The strong part 
of the beam 
is hitting both 
the second and 
third ships 
at the same time, 
causing 
their echo pips 
to overly. 



As the beam sweeps from the first ship to the third, strong echoes To discriminate in bearing, a narrower 

are continually being received by the radar. Thus, one long pip focused beam can be used. The beam fits 

mass will appear on the scope. The difference in range between between the ships, giving a time in which 

the ships keeps the pip mass from appearing as a single long pip. no strong echoes are received, thereby 

providing a space in bearing between the 
pips from the first and second ships and 
the second and third ships. 
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Discrimination in radar is the ability to distinguish be¬ 
tween closely spaced objects. Echoes from objects too 
close In bearing or range overlap, causing a pip mass 




to be displayed Instead of a distinct pip for each echo. 
This hampers taz^et identification and evaluation. The 
factors affecting discrimination will now be discussed. 


range 


The ability of radar equipment to discriminate between 
objects close in range is called range discrimination. 


Pulse transmitted 


Pulse hitting first ship 
Echo returns from first ship 

Pulse hitting both ships 
Echoes return from both ships 


i_ A A _ 




Pulse hitting both ships 
Second ship echo overlaps first ship echo 

Due to overlapping, 
single echo returns 

Oversized echo causes 
large pip mass on scope 


I A_A_ « 


RANGE DISCRDdlNATlON 
DEPENDS ON 
PULSE LENGTH 


To discriminate in range, 
shorter pulse transmitted 

Pulse hitting first ship 
Echo returns from first ship 

Pulse hitting both ships 
First ship echo finishes 
as second ship echo starts 






Echoes do not overlap 


Two distinct echoes return a- 


Two distinct pips shown on screen 


_ 

_ 


Radar discriminates between two objects that are spaced farther apart 
than one half the pulse length. For example, a pulse length of 100 yards 
(O.S/isec.) will discriminate between objects more than 50 yards apart. 
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RADAR 


SYSTEM OPERATION 


TARGET DETECTION 

Because fire control radars can coveronly small sec¬ 
tors of the surrounding area at a time, they can not be 
counted upon to detect all targets coming into range. 


The function of fire control radar is to give accurate target location 
and tracking, and not to provide initial target detection. Another 
means of target detection is needed. Detected targets could then be 
assigned to the suitable fire control radar. This would avoid the 
danger of undetected targets, and the problem of two radars on the 
same target when only one radar would be sufficient. 


The radar for initial detection 
must have a greater range than 
fire control radars. Then, tar¬ 
gets can be evaluated before 
they come within firing range. 
The detection radar does not 
need to have a high degree of 
accuracy, because once the fire 
control radar is in the vicinity 
of the target, the fire control 
radar locates the target quickly. 


f 



TARGET EVALUATION 


The target pips are then evaluated. If the targets 
are evaluated as enemy, and decision is made to 
fire upon them, the bearing and range of each target 
is designated to a fire control radar. 

For example, from this and other information, the 
fast moving pip at 310 degrees is evaluated as an 
enemy supersonic aircraft. This information is 
designated to the fire control radar controlling an 
anti-aircraft missile. Likewise, the positions of 
the two enemy ships are designated to the main 
battery fire control radar. The aircraft at 200 
degrees is designated totheAA fire control radar. 
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The radar chapter, thus fiir, has been concerned 
with radar in general, and fire control radar in 
particular. However, before a lire control radar 
can function in acquiring and tracking a target, 


the functions of detection, evaluation ftnrf 

designation mustbe accomplished. The operation 
of a radar system from initial tax^et detection to 
target tracking will now be discussed. 


search radar 

For initial target detection, long-range search radar Is 
used. It differs in many features from the fire control 
radar. The beam Is broadly focused In width and height 
to enable it to search a more extensive area. S is slowly 
and continually scanned in a full 360 degrees around the 
ship. A high persistency screen Is used on the P-sc(^ 
because of the relatively slow rate of rotation. Other 
design features are long pulse length and high receiver 
sensitivity for best reception of weak echoes, and high 
peak power and low PRF for greatest transmitter range. 


The search radar is mounted In the highest 
practical position aboard ship. This location 
Increases Its line of sight range, and prevents 
shipboard masts from blocking the radar beam. 


note 

A target can be tracimd on a P-Scope. Although 
this tracking is not accurate enough for fire con¬ 
trol, it is sufficient for target evaluation. 

A transparent overlay is placed on the scope. A 
marking Is put over the first target Indication. 
After another scan, the target is indicated In a 
new position which is marked. This procedure 
is continued to obtain a sufficient number of 
points to prcndde an accurate track of the target. 


PLAN POSITION INDICATOR (PPI) 

•••• 

TARGET TRACKING ON A P-SCOPE 




AND DESIGNATION 



The number of fire control radars required in an 
installation depends on the number of weapons to 
be controlled. The number of search radars can 
also vary. A search radar may be especially de¬ 
signed for air search or for surfoce search. Or, 
as shown here, one radar may be used for both air 
search and surfoce search. 

But, regardless of the particular installation, the 
system operation is the same. The target is first 
detected by the search radar, evaluated, and then 
designated to the appropriate fire control radar. 


Digitized by 


Google 


187 





TARGET ACQUISITION 


TARGET 

DESIGNATION_issenf/o.FIRE CONTROL 

RADAR OPERATOR 




A-SCOPE E-SCOPE B-SCOPE 


The radar beam Is scanned in a spiral path '' - , 
to search a large area as the radar is slewed 
to the designated target position. If the target 
pip is not displayed with the radar at the 
designated position, the area Is searched by 
simultaneously nodding the beam in elevation. 


automatic tracking 




DESIGNATED TARGET POSITION IS SEARCHED 



TARGET INFORMATION IS DISPLAYED 



TARGET GATED IN RANGE, ELEVATION AND BEARING 



PROGRESS OF TRACKING VIEWED ON SCOPES 




Operation 
of the 
automatic 
tracking 
circuits 
in a 

servo loop 
is 

shown 

below 


SIGNAL 

TO 

CORREa 

RADAR 

TRACKING 


AUTOMATtC TRACKING 
ClSGtrttS TAKE OVER 
'When radar is in 
CC^AL SCAN 


Al/rOMATIC 


TRACKING 


CIRCUITS 


ERROR 

GENERATED 
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AND TRACKING 


RADAR SYSTEM OPERATION 


^ by scanning b«om in spiroi path 
and nodding in elevation until • 







If the target Is not found, 
the bearing is changed to 
the right and to the left, , 
oftfiHmHiig the in 

elevation. If the target is ^ 
still not seen, the operator 
then notifies the target v 
designation center, and 
awaits more information 
on the target position. 


TARGET 

ACQUISITION 


ACCOMPLISHED 



TARGET TRACKED IN CONICAL SCAN 




9 


A tai^et may be tracked either manually 
or automatically. Procedures that are 
necessary to acquire, gate, and track a 
target by these means are now discussed. 


manual tracking 


A-SCOPE F-SCOPE 



DESIGNATED TARGET POSITION IS SEARCHED 



TARGET GATED IN RANGE AND DIREaiON 



TARGET TRACKED IN CONICAL SCAN 





BEAM IS>tANUAUY>k$VCO 
UfO>€«ATOR 
TO KKP 
OK TABGCT 



summary 


Target designation information |i' 
from the search radar is not pre* f 
else. The fire control radar may -I 
be required to search around the 
designated position forthetarget. 
When the target acquisition is 
completed, the target may be 
tracked either manually or auto¬ 
matically. In manual tracking, 
the target is gated, and tracked 
manually. In automatic tracking, 
the target is gated manually, and 
tracked automatically. 
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RADAR 


ADDITIONAL APPLICATIONS 


navigation 



SHIP POSITION IS 
DETERMINED BY 
COMPARING RADAR 
DISPLAY TO MAP 
OF AREA. LOCATING 
LAND MASSES AND 
LANDMARKS. 


spotting 


Shell splashes and AA bursts produce momentary echoes 
which are displayed on the radar scopes. Range, bearing 
and elevation spots can be estimated by the radar operator. 


K.scoRE SHELL SPLASHES 



AA BURSTS 








RADAR 

TRACKS 

ONLY 

GATED 

ECHOS 




/ 




ASCOPE 


ALL ECHOS 
ARE DISPLAYED 


E-SCOPE 


B-SCOPE 



missile guidance 


beam riding 








c<^ 




1/ MISSILE 
J IS FIRED 










/St' 

' r 


TO CROSS fv 

TRACKING 



RADAR L .4^ 

--"h' / ' 

--- xJ 


BEAM 

\ 

\f 





i'l 
•>-> 
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OF NAVAL RADAR 


target Identification radar-IFF 

A pip on a radar screen can be evaluated to provide such 
information as target position, speed, direction and size. 
But It cannot provide information on whether the target 
is friend or enemy. 

To overcome this shortcoming, an Interrogation system 
-^Identification, Friend or Foe (IFF) was developed. 
In this system, the IFF radar transmitts a series of pulses 
arranged in a code, to challenge a tax^et. Friendly ships 
and aircraft, equipped with IFF receivers and transmitters, 
receive the challenge and send back a coded reply. 

Any target not replying to the challenge, or replying with 
the wrong code, may be evaluated as an enemy. 

The reply code can be varied and, according to doctrine, 
may be changed at regular time Intervals. 




radar beacon 


A radar beacon consists of a radar receiver and transmitter 
located In a known position as a navigational aid. When it 
receives a radar signal of correct pulse length and frequency, 
areplyis triggered. The aircraft or ship radar recelvesthe 
replyof the beacon whlcbis identified by some characteristic 
of its signal (such as pulse length, or number of pulses in its 
reply). Radar beacons may be used to indicate landing fields, 
mountains, or desired reference points. 



homing 



DESIGNATION 
INFORMATION 
IS SENT TO 
AUTOMATIC RADAR 
BUILT INTO 
MISSILE 



helghf-flnding radar 


Height-finding radar has the basic 
function of determining the height of 
an aircraft target. A beam sharply 
focused in elevation is vertically 
scanned. Using the range and eleva¬ 
tion angle of a scanned target, the 
beU^ht is calculated and read on a 
calibrated dial or counter. 



ELEVATION 

ANGLE 
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RADAR 



PROBLEMS 



1. What are the advantages and disadvantages of a long pulse length in radar? 


2. Design afire control radar for directing missile fire against air targets Ina 
range from 600 yards to 60,000 yards. The maximum duty cycle is not to 
exceed 0.001. The average power is not to exceed 100 watts. 

Design should include the following; 

(a) PRF 

(b) Pulse Length 

(c) Peak Power 


3. What is the range discrimination of the fire control radar in problem 2. ? 


4. A typical fire control NOTE A typical search 

radar would have the Circle answers that S 4 )ply. radar would have the 
following design: following design: 


a 

b 

PULSE LENGTH 
(a) 0.3 Msec, (b) 3.0 naec. 

a 

b 

a 

b 

PRF 

(a) 200 (b) 2000 

a 

b 

a 

b 

SCOPE TYPES 
(a) A and F (b) A and P 

a 

b 

a 

b 

SCREEN PERSISTENCY 
(a) 0.5 mlllisec. (b) 2 sec. 

a 

b 

a 

b 

DUTY CYCLE 
(a) 0.0006 (b) 0.1000 

a 

b 

a 

b 

RANGE DISCRIMINATION 
(a) 50 yds (b) 500 yds 

a 

b 
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In World War n, submarines were 
responsible for slnkii^ millions of 
tons of valuable shipping and the 
extensive loss of life. Since then, 
intensive research has greatly im¬ 
proved the capabilities and fighting 
potential of submarines. For ex¬ 
ample, nuclear-powered submarines 
have demonstrated speeds equaling 
that of many surface ships. They 
can travel submerged for long 
periods of time and over long dis¬ 
tances, and are capable of underwater 
missile launchings. 


To overcome this dangerous potential in enemy submarines, 
the best possible means of undersea detection is required. 
It must be fast operating because of high submarine speeds, 
and accurate to enable ASW fire control. Prior to World 
War n, underwater detection was accomplished by a system 
known as "listening". During the war sonar (Sound Naviga¬ 
tion And Rangli^) was developed. It met immediate needs, 
and has been improved with continuing development and 
operation. But to keep up with the rapid advances in sub¬ 
marine development, sonar must be further improved or a 
better underwater detection system must be developed. 
Extensive research has been conducted and continues in 
Naval and private research laboratories to develc^ new and 
inq)roved underwater detection means. 


While the primary purpose of sonar is the detection 
of submarines, sonar has proven useful in navigation 
— detecting reefs, mines and other obstructions. 


SCOPE OF CHAPTER hi this ch^ter, the basic princ^les of underwater detection 

by sonar will be discussed initially. Design features and 
limitations pertinent to sonar will be studied. The dispU^ 
of sonar information will be discussed and the general 
(deration of a sonar system will be described to show its 
practical application. 
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SONAR 


princi p/es 


UNDERWATER DETECTION 



LISTENING 


LARGE ATTENUATION Of 


TARCr' FASTER THAN NOISE PRODUCED 


listening principle 


Targets may avoid optical detection under cover of night, fog, or 
smoke screens, or by operating underwater. While a target may 
travel hidden from sight, it cannot keep from making noise as it 
moves. By listening for this noise (which is sound energy) we can 
detect moving tax^ets. 


Because of large attenuation and slowness of sound in air, 
listening is not used to detect air and surface targets. 


Because sound travels well in water (which is denser 
than air), listening is used in underwater detection. 


A target may be detected by receiving target diaphragm that is directional; that is, a type 
noise with a sensitive diaphragm underwater. of diaphragm that receives the strongest signal 
Target direction may be determined with a when Itpoints directly atthe source ofthe noise. 




Listening is a passive method of detection, because it relies on target noise to 
detect the target. Listening gives long range detection (about 10 to 15 miles), 
and precise direction information on moving targets. However, listening can¬ 
not provide range information on moving targets, because the transit time of 
the noise cannot be measured; and listening cannot detect stationary targets 
which produce little or no noise. 
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WITH SOUND 


echo ranging principle 


To detect a stationary target, and determine the range 
of any target, an active method of detection Is required. 
This Isone in which the target is detected Independently 
of any target action or condition. 



An energy pulse is produced, and radiated by own ship. 
The radiated energy, striking a target, produces an 
echo which is received by own ship. This Is an active 
method of detection, based on the echo principle, and 
is known as echo ranging. 


Because own ship initiates the energy pulse and receives the echo, the 
transit time, and consequently the range, can be determined. The taz^et 
direction may be determined in the same manner as in listening. 


echo ranging 
wHh sound ... 




SONAR 


In the active system, energy is required to travel to the 
target as well as back (twice the distance as in the passive 
system). Range Is limited by the attenuation of sound in 
the water,and the fact that only asmall part ofthe energy 
is reflected as an echo. The range of the active system 
depends also on the maximum power ofthe pulse which is 
transmitted by own ship. 


Radar energy and light energy are ri4>idly attenuated in 
water, and will not give sufficient range. Electronic 
design and water characteristics limit the maximum 
sound power that can be transmitted. The maximum 
range of the active system using sound energy is re* 
strlcted to approximately five miles. This range is just 
sufficient in ASW fire control. Because a form of energy 
providing better operation is not present, sound Is used 
in underwater echo ranging. Echo ranging with sound 
energy is known as sonar. 


NOTE 

Listening is used by a submarine to accurately locate 
a moving surface ship. I&iowlng its own depth, and 
finding the elevation of the target noise, the submarine 
can compute the range of the target. 

Echo ranging is not used by submarines for target 
detection because it reveals thesubmarine'spresence. 
Echo ranging is used by submarines for navigation. 


NOTE 

In addition to the pulse transmission sonar noted, FM 
sonar, transmitting a continuous signal of varying 
frequency, has been developed. However, the sonars 
in operational use are almost con:q;)letely of the pulse- 
type described in this chapter. 



After transmission, the echo ranging equipment uses the listening 
SUMMARY principle to receive any target echoes. Also, by using the receiv¬ 

ing portion alone, the echo ranging equipment can detect target 
noise and, thereby, function as listening equipment. 
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detection and tracking problem 




Sound energy must be correctly imparted 
from the transducer (antenna of the sonaj- 
system) to the water. This is done effi¬ 
ciently for power outputs below a certain 
level. Above this critical power level, 
the action between the transducer and the 
water becomes too violent, resulting in 
cavitation, and there is a marked loss of 
efficiency in sound transmission. Peak 
power and sonar range, which depends on 
peak power, are limited by cavitation. 


ABSORPTION LOSS 
Because the water absorbs sound energy as it propagates, 

sonar range is dependent on the frequency of the sound 
waves. The lower the frequency, the less the absorption 
of the sound energy, and hence, the greater the range. 
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CAVITATION 



IN WATER 


The advantages of water in sound prc^agation (density permits a detection 
range sufficient for ASW) enable the use of sound in underwater detection. 
The disadvantages of water in sound prc^agation will now be discussed. 



Sound waves in water travel at about 4800 ft/sec. 
The time required for the echo to return from a 
range of 3 miles is about 3-3/4 seconds. With 
submarine speeds equaling that of surface vessels, 
target motion during the echo return must be con¬ 
sidered in determining present target position. 


DUE TO TARGET MOTION 
DURING ECHO RETURN, 
SONAR INDICATES 
PAST POSITION OF TARGET 



Present target position is determined considering the past 
position, speed and direction of target as supplied by sonar. 



In sonar as in radar, the signal strength 
decreases with the square of the range. 







it 


summary 

Problems present in sound propagation 
in water have been discussed. Deter¬ 
mination of present target position from 
echo information siq>plied by sonar and 
water condition data will be treated as 
part of the ASW fire control problem. 
AH mentions of target direction and 
position in this chapter refer to echo 
direction and apparent target position. 
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SONAR 


DESIGN 


Because both use pulsed energy, the design features of sonar are 
similar to the design features of radar. The primary difference in 
the designs stems from the necessity to produce the sound energy 
and from the slowness of sound in water. The production of sound 
energy involves a different design from that used In the production of 
electrical energy in radar. The slowness of sound in water neces¬ 
sitates a difference from radar design in the method of energy 
transmission and reception. These design features are now discussed. 


PRINCIPLES OF SOUND PRODUCTION 



body can be controlled, sound transmission can be controlled. 
Vibrations of a body can be caused by mechanical means, but the 
strength and duration of the vibrations would be difficult to regulate. 
The use of mechanically-aided hearing to receive sound echoes is 
also impracticable. 



Electrical means also cause vibrations of a 
body. A loudspeaker uses electrical s^nals 
to produce vibrations of a diaphragm. 


To receive the sound vibrations, a sensitive 
microphone can be used. The sound causes 
the diaphragm to vibrate, and the vibration 
produces electrical signals. 



With electrical signals producing and being produced by 
sound energy, the sonar transmitter, receiver, and indicators 
can have designs similar to their counterparts in radar. 


B A A B AUTPfJUA O A B TRANSDUCER 



The transducer, "antenna of the sonar system", is a device which 
combines the principles of a loudspeaker and a microphone. The use 
of these principles in the design of a transducer is next discussed. 
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DESIGN OF TRANSDUCER 


In a transducer, electrical signals can produce 
mechanical sound vibrations by two methods. 


MA0NETOSTRICTIVE 

EFFECT 


A rod, or tube, of ferromagnetic 
material (iron, nickel, etc.) will 
change In length when placed in 
a magnetic field. This is known 
as the magnetostrictlve effect. 

Then, if a nickel rod were placed 
in a continually varying magnetic 
field, its length would continually 
vary. Therefore, the rod will be 
vibrating. The frequency of the 
vibration is dependent on the fre> 
quency of the AC voltage applied. 

The magnetostrictlve effect also 
works in reverse. That is, when 
the rod is caused to vibrate by 
some outside source such as im¬ 
pinging sound waves, a varying 
magnetic field and AC voltage 
will be produced. 


The rods are welded at one end 
to a steel plate (diaphragm). 
The combined vibration of the 
rods is then transmitted from 
the diaphragm. 




PIEZOELECTRIC 

EFFECT 


When subjected to an AC voltage, 
some crystals will vibrate; this is 
known as the plesoelectrlc effect. 
The frequency of vibration of the 
crystal is dependent upon the fre¬ 
quency of the AC voltage applied. 
In a like manner, the piezoelectric 
effect also works in reverse. That 
is, when the crystal is caused to 
vibrate by some outside source 
such as impinging sound waves, an 
ACvoltage is produced on its faces. 


Some crystals are soluble, and 
must be kept from contact with 
sea water. The diaphragm and 
fluid used for this purpose are 
selected for the minimum change 
in sound (velocity and intensity) 
as it passes through. 


FIAT ARRAYS ARE DIRECTIONAL 


When the rods or crystals are 
arranged in a flat array . . . . 



. ... the transducer transmits 
and receives directionally. 


When the rods or crystals are 
arranged In a cylindrical array, 
the transducer transmits and 
receives omnidirectionally. 



note 

Certain electrical properties of 
crystals and magnetostrictlve 
elements limit the amount of 
power output. When the ^plied 
voltage exceedsacritlcal value, 
a crystal breaks down, and the 
magnetostrictlve effect ceases. 
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SONAR 


DIRECTIVITY OF SOUND BEAM 


directional transmission 

By transmitting the energy in a narrow beam, the sonar 
has a greater range than if the same amount of energy 
were transmitted In all directions. 

However, with narrow focusing of the sound energy, only 
a small angle is searched with each transmitted pulse. 
Because of the slowness of sound in water, it takes about 
5 seconds for sound energy to travel to and return from a 
range of 2 miles. H 5 degrees were searched each 
transmitted pulse, at least 6 minutes would be required 
to perform a complete 360-degree search. 


directional reception 

In directional reception, the transducer is focused to 
receive sound energy primarily from one direction. Sound 
energy from other directions is poorly received, and not 
Indicated by the sonar. 

Thus, noise produced at other directions can not mask an 
echo returning along the receiving direction. 




note The original sonar (searchlight sonar) was designed with 
directional transmission and directional reception. The dis¬ 
advantage of the excessive time required for a complete 
search led to the develc^ment of the scanning search sonar. 


scanning search sonar 

At the close of World War n, scanning search sonar was developed which combined 
the desirable features of omnidirectional transmission, and directional reception. 



Omnidirectional transducers transmit a pulse in 
all directions. Each returning echo must be re¬ 
ceived directionally to distinguish one echo 
direction from another. A directional receiving 
path, such as that of the searchlight transducer, 
must be rapidly scanned in order to receive all 
echoes, regardless of their directions. 

However, because riq>id transducer movement in 
water is not mechanically feasible, the search¬ 
light transducer can not be used in scanning 
directional reception. 
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Just as the antenna design determines the focusing of the 
radar beam, the transducer design determines the focusing 
of the sound beam. U a transducer transmits and receives 
primarily In a narrow beam, It is directional; If It (gr¬ 
ates equally In all directions, It is omnidirectional. 


omnidirectional transmission 


With omnidirectional transmission, a 360-degree search 
is accomplished with each transmitted pulse. All targets 
in the range of the sound are hit l^each transmitted pulse. 


note o 

Sonars usualfy have provision for several different pulse 
lengths (pii^s) selected at the discretion of the operator. 
For example, the operator may use a long pulse length 
(30 or 60 milliseconds) for initial target detection and a 
short pulse length (6 milliseconds) for target tracking.' 
Longer pulse lengths provide greater range while shorter 
pulse lengths provide better discrimination. 


An omnidirectional transducer, receiving equally from 
all directions, is not able to determine the direction of one 
echo from the direction of another echo. Noise received 
from the sea, other than target noise and target echoes 
may mask target noise or target echoes. 




omnidirectional reception 



The equivalent of mechanically 
scanning a searchlight transducer 
for directional reception can be per¬ 
formed inside the omnidirectional 
transducer by electronic means. 


Thus, the scanning search sonar 
uses the omnidirectional transducer 
for both omnidirection transmission 
and scanning directional reception. 


summary 


It is now seen that omnidirectional transmis¬ 
sion and directional reception are used in 
scanning search sonar. In the following pages, 
the principles of directional reception, and the 
design of the omnidirectional transducer to 
enable directional reception, will be discussed. 
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THE SCANNING 
SONAR 
TRANSDUCER 


The scanning search sonar is the main type used in underwater de¬ 
tection. It has replaced the searchlight sonar which may still be 
found In harbor defense, and on some reserve ships. The principles 
of directional rec^tlon with a flat array (searchlight sonar) is first 
discussed. The design means used to make the omnidirectional 
transducer (scanning search sonar) operate equivalently is then shown. 



directional reception by searchlight transducer 


The searchlight transducer uses a flat array to de¬ 
termine the direction of received echoes. When the 
array is adjusted for maximum echo signal, the signals 
produced by the staves are in phase, producing the 
maximum sum at A. 


When the array is not pointed directly at the sound 
wave (inclined to the wave front), the signals produced 
by the staves are out-of-phase, producing a sum at A 
which is less than the maximum. 



Because the soimd wave hits each stave at a different time, 
the signals produced by the staves begin at different times, 
and thus, are out-of-phase. 

Target direction is determined by adjusting 
the transducer for maximum sum at A, and 
noting the direction of the transducer. 


SUM IS 
MAXIMUM 
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directional reception by omnidirectional transducer 

The curved array shown is a portion of an omnidirec¬ 
tional transducer. A sound wave hitting it directly, or 
at any angle, produces out-o(-phase signals. 



RECEIVER 


SOUND WAVE 


DELAY CIRCUITS 

If all the signals produced were in phase when 
the sound wave directly hit the center of the 
array, the curved array would be equivalent to 
a directional transducer. To accomplish this, 
delay circuits are inserted in the lines to alter 
the phase of the signals. These delay circuits 
are designed so that when the sound wave di¬ 
rectly hits the center of the array, in-phase 
signals are produced by the staves. 



RECEIVER 


THE SCANNING SWITCH 


Thus, any portion of the cylindrical transducer can be made 
directional the use of these delay circuits. To scan the 
entire area around the 8h4),the delay circuits are connected 
to rotating contacts instead of directly to the staves. These 
rotating contacts comprise the scanning switch. 





To receive echoes regardless 
of their directions and times 
of reception (ranges) the 
scanning switch must rotate 
at least once in the pulse 
length time. 



The contacts rotate, continually connecting a different set 
of staves to A. In this manner, the equivalent of mechani- 
calty scanning a flat array is accomplished electrically 
Inside the omnidirectional transducer. 



When the transducer is oriented so that the scanning switch moves in 
a horizontal plane, directional reception in bearing is accon 4 >Iished. 
When the transducer is oriented so that the scanning switch moves in 
a vertical plane, directional reception in depression is accomplished. 
To determine target position, the scanning search sonar requires 
two scanning transducers. Either transducer can be used to deter¬ 
mine target range. 
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SONAR 


DISPLAY OF INFORMATION 


radar^ the type of display is determined by the pur¬ 
pose of the radar such as, F-Scqpe for AA fire control 
radar, P-Scope for search radar, B-Scope for surface 
fire control radar, etc. Since the same sonar equipment 


is used for both search and fire control, the number 
of different range displays and direction displays are 
less in sonar than in radar. The range and direction 
displays used in sonar are now discussed. 


range 

Range display requires a means of visually 
determining echo transit time. As seen in 
Radar, there are two requirements for 
determining echo transit time: 

1. Time sweep (indicator which moves 
at a constant speed over a known 
interval of time). 

2. Marking transmitted and received 
pulses on the time sweep. 


Because the inter¬ 
vals timed in sonar 
are in the order of a 
few seconds, mech¬ 
anical devices such 
as the range re¬ 
corder, can be used 
for determining echo 
transit time. 



direction 

Direction information can be displayed on aCRT. 
The light trace on an electromagnetic CRT is 
made to rotate as the scanning switch rotates. 
When an echo is received, target direction is 
indicated on the screen. 



Range information can also be displayed on the same screen 
^plying a range sweep voltage to the magnetic deflection coil of 
the electromagnetic CRT. The range of a target is indicated as 
the radial distance of the target pip from the center of the screen. 
Because separate scanning transducers are required for deter¬ 
mining bearing and depression angle, separate displays are also 
required. A sonar usually has both a bearing and range display 
and a depression angle and range display. 


note 

The scanning sonar transducer does not operate efficiently over the 
larger depression angles. The sonar may lose contact with the target 
at short ranges and lat^e depression angles. To compensate somewhat 
for this, a feature, known as MCC (maintenance of close control), permits 
the operator to depress the sonar beam and thus, maintain contact over 
the large depression angles. This feature is not used continuously be¬ 
cause it distorts the sound beam at long ranges. 
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In the mechanical range recorder, a stylus (electric 
pencil) Is mechanically sw^t across a paper at a constant 
speed for a known Interval of time. This comprises the 
time sweep. 

At transmission and reception, an electrical signal is 
applied to the stylus, causing an indication on the p^per. 



are usually provided on the range display. Because of 
the slowness of sound, the shortest possible range scale 
is used when tracking a target. 



bearing and range 




To display 
360 degrees 
of bearing 
and range, 
a P-Scope 
is used. 


The combined effect of bearing sweep and range sweep 
causes the light trace to sweep a spiral path on the screen. 



depression angle and range 



Depression angle 
of the target is 
measured with 
respect to the 
water surface. 
The depression 
angles of 0 to 
90 degrees are 
displayed on a 
screen similar 
to that used in 
height-finding radar. 

Because the time between successive transmissions 
depends on the maximum range being searched, the PRF 
is not a set, deseed value as in radar. The sonar 
operator manually tr^gers each transmission. 
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SONAR 


LIMITATIONS 


transducer frequency 

Echo ranging sonar transmits sound at one frequency. 
Because a hi^ frequency allows a small transducer 
design, the frequency used in early transducer design 
was in the ultrasonic range (about 24kc). The trans¬ 
ducer is tuned to receive sound at and about this 
designed frequency. 


BACKGROUND NOISE 


Listening equ4>ment depends on receiving target noise. 
Propellers, engines, pumps, gear wheels, rudder motors, 
and other devices produce sonic sound (below 15kc). H^h 
speed propellers produce ultrasonic sound. A listening 
transducer may be tuned to receive the large voliune of 
low frequency sound produced a target, or it may be 
broadly tuned to receive both sonic and ultrasonic sounds. 

An echo ranging transducer also used for listening purposes 
must be broadly tuned to receive sound in the low frequency 
(target noise), and in the h^h frequency (echo). 


interference with reception 



A transducer can not distinguish between echoes and noise produced by a target, 
and noise produced by other sources. When this noise is in the frequency range 
of the transducer, it is received as readily as target noise and echoes. The 
noise from other sources, known as background noise, may ^pear to be target 
noise, or It may mask a target echo on the sonar indicator. 

Since most of the background noise can not be prevented, the operator must 
learn to recognize and effectively operate with it. 

BACKGROUND NOISE 


TARGET 




Limitations in tracking due to sound refraction and slowness, were discussed 
in SOUND PROPAGATION IN WATER, b addition to these, sonar has < 9 erationaI 
limitations due primarily to background noise, and reverberations. Because the 
effect of these limitations on operation is dependent on the sonar frequency, the 
frequency of the transducer is initially discussed. 


sources of background noise 


Noise from propellers and 
machinery is prominent, 
because of its proximity 
to the transducer. 


Circuit noise, composed 
primarily o f electronic 
tube noise, Is a component 
of background noise. 



Turbulence caused 
transducer housings at 
moderate ship speeds. 


Turbulence caused 
by an externally 
rotating transducer. 



Wave motion at the surface 
of the water produces a 
large ambient noise level. 



In some geographic locations, 
various species of marine life 
produce high Intensity sounds. 


Traffic noise, resulting from a large number of Bh4)8 
operating in a small area, may be high in a harbor. 


^ /■ 




Surface noises, such as that from gunfire and 
aircraft, add to the level of background noise. 


note 



Because of the relatively short ranges in sonar, and 
wide intervals maintained between submarines, discrim¬ 
ination is not an Inqwrtant factor in pulse length design. 


SUMMARY 

Background noise, which can mask target echoes 
and target noise, is produced by a variety of 
; sources. For thia reason, background noise 
i m^ have different intensities over a wide fre- 

\ quency range. The interference caused by the 

I background noise depends on the frequency 
j range of the receiver, and the frequency of the 
transmitted sound. 

' Background noise is not the only consideration 
in the masking of target information. Re¬ 
verberation, which masks target information 
in echo ranging sonar, is discussed in the 
fiu following pages. 
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SONAR LIMITATIONS 


All objects In the path of the transmitted sound wave 
produce echoes. Fish, air bubbles, marine growth, 
suspended particles, the water surface, and bottom 
reflect and scatter the sound energy, producing what 
Is known as reverberation. 


While each of these 
sources may not 
produce an appreci¬ 
able echo by itself, 
reception o f them 
at the same time 
by sonar produces a 
continuous echo of 
high intensity. 


THE DOPPLER PRINCIPLE 


NO DOPPLER 


OS STATIONARY 


The Doppler principle states ^ 

that frequency of sornid tqipears a| 

to increase when an observer S 
moves toward a source, and g 
appears to decrease when he £ 
moves away from It. B 

This change of frequency Is 8 

evident In underwater detection, g 
Change In frequency due to the @ 
movement of own ship Is known g 
as Own Ship Doppler. Change g 
In frequency due to the move- 8 
ment of the target is known as « 
Target Doppler. B the echo ^ 
frequency Is greater than the 
transmitted frequency, it Is 
called Up Doppler; If the echo ^ 
frequency Is less, It Is called 
Down Dc^pler. These differ¬ 
ences in frequency can normally 
be detected by the human ear. 


SOUND WAVES 
FROM SUBMARINE 


tronsmitt«d frequency 


OS DOPPLER 


OS MOVING 


FREQUENCY 
IS INCREASED 


tound woves compreu 


TARGET DOPPLER 


MOVING TARGET 


OS STATIONARY 


3 echo frequency irtcreated 

B echo Mur>d waves compressed 

'J OS MOVING DOPPLER AND TARGET DOPPLER MOVING TARGET 

echo frequency is further increosed 
sour>d waves ore more compressed 

When two objects are {q)proachlng each other, the echo frequency will be 
greater than the transmitted frequency. 

^ U could also be similarly shown: 

m When two objects are getting farther ^art, the echo frequency will be 
^ less than the transmitted frequency. 

^ When there Is no relative motion in range between the two objects, the 
S echo frequency Is the same as the transmitted frequency. 
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PING 


ECHO 
REVERBERATION 


The CRT oscilloscope is unable to 
distinguish between noise, echoes 
and reverberations. The scope 
simply displays a pip for a certain 
magnitude of signal input, regardless 
of whether the input is caused by 
echoes, noise, or reverberations, or 
a combination of these sounds. 


To distinguish echoes from reverberation, and to aid in evaluating scope 
pips, the target information is presented audibly as well as visually. This 
is accomplished by using an audio scanning switch in addition to the video 
scanning switch previously discussed. The audio scanning switch channels 
received sound through circuitry to a loudspeaker. 


When the audio scanning switch is 
manually rotated to the echo bearing, 
target echoes, converted into audible 
sounds, are heard over the loud> 
speaker. However, reverberation is 
also heard over the loudspeaker. 



By application of the Doppler principle, the sonar operator can audibly 
distinguish between target echoes and reverberation. The Doppler principle 
will be discussed next, followed by a discussion of its application in sonar. 


application 


limitation 


Reverberation is caused almost completely 
by stationary objects. Therefore, the frequency 
of reverberation will be the transmitted fre> 
quency plus Own Ship Doppler. An echo from 
a target will have a frequency determined by 
transmitted frequency, Own Ship Doppler, and 
Target Doppler. Therefore, if the target is 
moving with respect to own ship, the echo 
frequency will be different from the reverbera> 
tlon frequency. The difference between the two 
is the Target Doppler. 


Since the echo has a different pitch than the 
reverberation, the ear can distinguish between 
the two. Reverberation is heard immediately 
after transmission, and continues for a while 
as it fades in intensity. Sound of a different 
pitch may be easily distinguished from the 
reverberation background. The faster the target 
moves, the greater will be the pitch difference, 
making it easier for the ear to distinguish. Even 
a weak sound can be distinguished from others 
which are strong if the pitch difference is large. 


When the target is stationary, or moving at right angles to own 
ship, there is no Target Doppler. In this case, the echo frequency 
is the same as the frequency of the reverberation, and the echoes 
may be masked audibly as well as visually. 



NO 
TARGET 
DOPPLER 


STATIONARY 

TARGET 



D Jo 
NO 

TARGET 
DOPPLER 


summary 

When the frequency difference between echo and rever> 
beration is large, reverberation is a wanted sound, because 
it enables the operator to determine Target Doppler. 

When the frequency difference is small, reverberation is 
an unwanted sound, because it masks the target echoes. 
The Importance of Doppler and the audible presentation of 
echoes in target evaluation is discussed in the following 
pages on SYSTEM OPERATION. 
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SONAR 


SYSTEM 


Sonar systems do not have individual equipment for 
search and fire control operations as we have seen 
in radar. Instead, there is an operating procedure 
when using the equ4)ment for search, and another 
(grating procedure when using the equipment for 



The video presentation, which indicates targets in a 360- 
degree scan, and the audio presentation, which indicates 
targets in a narrow beam width, are the two methods of 
initial target detection in sonar. While the video scanning 
switch is covering the full 360 degrees, the sonar opera¬ 
tor manually searches the area with the audio scanning 
switch. A set pattern is followed in order to cover the 
full 360 degrees in the audio search. 


When the echo may be a submarine, its 
bearing and range are reported im¬ 
mediately to the CIC. After the report 
of sonar contact, the operator makes a 
preliminary determination of the nature 
of the contact. It is the sonar opera¬ 
tor's job to secure all Information which 
will aid in target evaluation. From the 
video and audio presentations, the fol¬ 
lowing target evaluations, in addition to 
position, are made. 


Target range rate, estimated from the doppler, can be 
determined with each echo. Without doppler, target posi¬ 
tion would have to be plotted to determine range rate. 

Target aspect Is determined from (k^pler, echo quality, 
and target width. There are five standard target aspects: 



DIRECT BOW STERN-ON BOW QUARTER BEAM 


Absence of doppler would indicate a beam target. Up 
D( 9 pler indicates a low or direct bow target, and Down 
Doppler indicates a quarter or stern-on target. 

The echo from the bow of the target is usually clear and 
sharp in quality. The echo from the stern is usually 
mushy, because it is combined with echoes from the 
target wake. 


TARGET CLASSIFICATION 


There are four classifications of an underwater target: 
positive submarine, probable submarine, possible sub¬ 
marine, and non-submarine. With any of the first three 
classifications, the target will continue to be tracked and 
evaluated by the sonar operator. The evaluation inform¬ 
ation will continue to be sent to CIC, because it may 
warrant reclassification of the target. 
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OPERATION 


tracking. Operation of a sonar system depends more 
upon ship doctrine than does the operation of a radar 
system. The basic elements in the operations of a 
sonar system, are: target detection, target evalua¬ 
tion, target classification, and target tracking. 

DETECTION 



TO BE SUBMARINE 


Because noise and reverberation are usually displayed in 
different positions on successive sweeps of the video 
scanning switch, the screen should be watched for a few 
sweeps, to determine if a pip indicates a submarine. 
When the pip repeats Itself, and has the characteristics 
of a submarine echo, the echo is investigated 1^ the audio 
scanning switch. If investigation indicates that the pip is 
not caused by a submarine, the audio search is resumed. 


EVALUATION 


Target width is determined by observing the bearings at 
which echoes are not received as the audio scannii^ 
switch is moved off the target to the right, and to the left. 
This is known as taking "cuts" - left cut off left side of 
target, and right cut off ri^t side of target. 


Target evasive action indicates that the tai^et is a sub¬ 
marine, and is aware it has been detected. A radical 
increase in submarine speed produces excessive noise 
which may mask the echo. By noting the target echo in 
relation to the target noise on the screen, changes in 
target aspect can be obtained. 



Target maneuvering is noted from a plot of past target 
positions, but it is more rapidly indicated by doppler. 
Target maneuvering is checked for compatabillty with 
submarine characteristics. 


AND TRACKING 


During the tracking, the target bearing is obtained by 
taking "cuts" and using the middle of these two bearings 
as the target bearing. The more cuts that can be per¬ 
formed with accuracy, the more precise will be the 
tracking of the target. 


Note 

A sonar may be considered to consist of search 
and fire control equipments. The scanning 
transducer for determination of bearing and 
range provides for the initial target detection. 
The addition of a scanning transducer, for 
determination of depression angle comprises 
the fire control equipment. 
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OTHER SONAR INSTALLATIONS 


Scmar equipment is not limited to use on surface 
ships and submarines. There are other installations 
of sonar used by the Navy in underwater detection. 


HERALD 


The herald is a searchlight-type transducer which 
is mounted on a tripod planted on the bottom of the 
sea. Target information is sent from transducer 
to detection station on shore by a submarine cable. 
At the detection station, the transducer can be set 
to automatically search aparticular section, or can 
be trained manually. The herald is used mainly In 
permanent installations, such as in harbor defense. 



SONOBUOY 


Sonobuoy, is a listening equipment installed in a 
buoy, which detects underwater sounds, and radios 
the information to a control station. The control 
station can be located on shore, or in an aircraft. 

Sonobuoys may be used in temporary harbor de¬ 
fense installations at advance bases. 


Large areas of water can be searched quickly by 

dropping sonobuoys ^ using an aircraft 

into the open sea, control station. 




HELICOPTER SEARCH 

A sonar transducer, mounted on the end of a cable, 
is installed in a helicopter. To search for sub¬ 
marines, the helicopter can hover over a suspected 
area, and lower the transducer into the water. 
Because of its speed, maneuverability, and ability 
to hover, the helicopter can search large areas in 
a much shorter time than a sonar equipped vessel. 
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AND APPLICATIONS 


In addition to its use In submarine detection, 
sonar has many other important applications. 


NAVIGATION Surface vessels and submarines use sonar as an aid to navigation by warning 
of reefs, submerged rock formations, icebergs, and other underwater obstacles. 



DEPTH DETERMINATION 

Sonar used for depth determination is known as 
echo sounding equipment. It is similar in prin¬ 
ciple and design to echo ranging sonar. High 
frequency sound is used to avoid interference 
from ship noises, and is also more readily focused 
into a beam. The sounding equipment, usually 
capable of automatic as well as manual operation, 
displays depth information on a CRT screen, or 
on a mechanical recorder. 
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COMMUNICATION 

Communication in water can be accomplished by 
modulating sound waves in a manner similar to 
modulating electronic waves in radiobroadcasting. 
Communication, which may be in either voice or 
morse code, has been established between points 
more than six miles apart. 
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SONAR 


UNDERWATER MAGNETIC DETECTION 


To supplement sonar under certain condltlmis, a method of underwater 
detection usli^ the magnetic properties of submarines was devel< 9 ed. 
However, because there may be many objects of magnetic pr< 9 ertles 
underwater (mines, sh4)wrecks, etc.), magnetic detection can not, 
Itself, sufficiently establish the presence of a submarine. Magnetic 
detection is used in conjunction with sonar to Initially detect a sus¬ 
pected target, or to verify a sonar contiust. 


magnetic Indicator loop 


The magnetic Indicator kx^ Is a fixed underwater system designed to 
Initially detect vessels, either surface or underwater. Lo<^ of cable, 
laid on the ocean bottom, pick iq> any distortion of the earth's magnetic 
field caused by the presence of a ferromagnetic bo4y over the loops. A 
fluxmeter, connected to the ends of a set of cables to Indicate the dis¬ 
tortion of the magnetic field, is located at the detection station ashore. 



magnetic airborne detector... [MAD] 


Magnetic detection equ4)ment may be mounted on 
an aircraft. When the equipment enters a mag¬ 
netic field, such as that produced by a surface 
vessel or submarine, an indication Is noted on 
the MAD equipment. In an aircraft, the detector 
element is mounted as far as possible from the 
field of the ship. 
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Only in the past few decades has the gyro been 
used in instrumentatitm. From its crude be> 
glnnings it has developed into a formidable 
Instrument of precision, used in gun sights, 
stabilizers, gyro compasses, and other devices 
important in fire control. A great advance has 
been made by combining gyros with follow-iq> 
systems, which enable a small gyro to control 
a heavy load. 


This chi^ter is divided into two sections. The first section ex* 


plains the principles of the basic gyro and mathematically derives 
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SCOPE OF THIS CHAPTER 


the law of precession, which is followed by the law of gyro reaction. 


The second section discusses the functions of gyro devices under 
two headings: constrained gyro (rate and integrating gyro) and free 


gyro (stable element and gyro compass). 
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CHAPTER 7 
GYRO PRINCIPLES 


gyro compass used 
in naval equipment. 


) 


BASIC GYRO 


A rapidly spinning top stands up and does 
not fall down. A rapidly turning hoop can 
roll along the ground without falling over. 
Such phenomena are due tocertain peculi¬ 
arities of a spinning object. These are 
known as "gyroscopic" effects,and awheel 
made to spin, with the object of using these 
effects is known as a "gyro". 

This chapter is a survey of gyros - what 
they are, why they behave the way they do, 
and how they are used in fire control. 

Gyros have a number of important functions 
in naval ordnance, such as stabilization, 
measurement of rates, integration, and 
guidance control. We shall describe some 
of these functions in the second section 
of this chapter. 

This, the first section, will present basic 
facts about the gyro. In the course of this 
exposition we shall introduce and explain 
some peculiar properties of the gyro. 



Wheel fixed to shaft 
connected to vertical 
support. Shaft hung 
from support. 


Shaft (non-spinning) 
shown supported in a 
horizontal position. 


A simple classroom 
exiterimeni, shown 
in the sketches at 
the right. 


Shaft released, drops to 
original hanging position. 


String wound on 
shaft is pulled, 
causing shaft and 
wheel to spin. 


Spinning shaft remains horizontal and 
turns around vertical support. This 
movement is called "precession". 


Another experiment 
which shows the same 
phenomenon. 


A classroom gyro, 
s\q)ported through its 
center of gravity, has Gyro is not spinning; hand 
a weight suspended on is supporting the axis in a 
its spin axis. horizontal position. 



Gyro is not spinning; hand Gyro is spinning; hand is 
is removed; therefore gyro removed; gyro processes; 
topples over. does not topple over. 




. . . this gyro phenomenon and others will now be discussed. 
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BASIC GYRO 


la the introduction we had a glimpse of one of the oddities of gyro be¬ 
havior. Why should the gyro with a we^t on its spin axis turn around 
instead of toppling over? The answer is "precession". The weight 
causes a torque on the gyro; owing to the torque, the gyro processes. 
We expect a force to cause an acceleration. Here it seems to be caus¬ 
ing a constant velocity. 

Why? The answer is that a constant ANGULAR velocity conceals an 
acceleration. A stone whirled around in a circle at the end of a string 
is actually accelerating toward the center of the circle. A spinning 
wheel, in precessing about a vertical axis, is actually accelerating about 
a horizontal axis. 


This becomes easier to visualize if we consider the case in reverse. 
Consider what hiqipens when a spinning wheel with a horizontal axis is 
rotated about a vertical diameter. 




THEN PARTICLE P 


IF WHEEL SPINNING ABOUT EF IS ROTATED ABOUT AB 


VELOCITY 

OF 

PARTICLE 

P 


IS IN 

SAME SITUATION 
AS MAN 
PRESSED BY 
CENTRIFUGAL FORCE 
AGAINST SIDE 


FORCE EXERTED 
BY PARTICLE Q 
ON ADJACENT 
PARTICLE 


VELOCITY 

OF 

PARTICLE 

Q 



A particle at the top of the wheel presses against an 
adjacent particle with a force acting away from us. The 
same thing is true to a lesser extent of other particles 
above CD. A particle at the bottom of the^wheel presses 
against an adjacent particle with a force acting toward 
us. The same thing is true of other particles below CD. 
The effect of all these forces is a TORQUE tending to 
rotate the wheel about CDcounterclockwlse looking from 
C to D. Just as the man In the car will be shot out if the 
door is open, so the gyro, if unrestrained, will t(9ple 
over, hi general, if you turn a spinning wheel about a 
diameter, it will try to turn about another diameter. H 


the gyro is restrained by a spring, the torque can be 
measured by the stretch of the spring. Just as the pres¬ 
sure exerted by the man against the side of the car 
increases If he becomes heavier, or the car goes faster, 
or turns faster, so does the torque on the wheel increase 
with the weight of the wheel, rate of spin, and rate of 
applied rotation. The stretch of the spring can be mea¬ 
sured to compute the rate of ^lied rotation, if the other 
quantities are known. 

Ihis is only a loose and qualitative picture of what is 
happening, but it lends plausibility to one of the oddities 
of gyro behavior. We shall now become more precise. 
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Just as ai^lylng rotation about the vertical diameter to a spinning wheel 
causes a torque about the horizontal diameter, so does applying a torque 
about the horizontal diameter cause rotation (precession) about the verti> 
cal diameter. Let us consider, in detail, what happens when a weight is 
hung on the (horizontal) axle of a spinning wheel that is: 1 - not free to 
process, 2 - free to precess. (This is the "classroom gyro" e^ri- 
ment shown in the Introduction.) 



A SMALL DOWNWARD FORCE 
IS APPLIED AT POINT E. 
TORQUE ABOUT CD 


GYRO NOT FREE 
TO TURhi ABOUT AB 


TORQUE 


I ''THIS END 
I GOES DOWN 


X TORQUE 


GYRO 
ROTATES 
ABOUT CD 


PRECESSION 


PRECESSION 


GYRO FREE 
TO TURN ABOUT AB 


GYRO PRECESSES 
B ABOUT AB 
INSTEAD OF 
ROTATING ABOUT CD 


TORQUE 


TORQUE 


The cause of precession Is the ai^lied torque. Why this 
is so can be shown most easily if we assume that pre¬ 
cession does take place and ask ourselves what forces 
would produce such a rotation. 

First, we must mentions convenient mathematical short¬ 
hand that we shall adopt, because it saves time. When 
we say: "B quantity x is Infinitesimal, event y occurs" 
we mean: the smaller the quantity x becomes, the more 
nearly does event y occur. Another shorthand way of 


saying this is: "Li the limit, as x {^proaches zero, y 
occurs". We must not consider x BECOMING zero too 
soon or our equation would become meaningless; consider 
it as APPROACHING zero. Ihis is the principle of 
limits, and is the foundation of the differential calculus. 

For the sake of simplicity, the derivation of the law of 
precession we are about to give applies only to a THIN 
disk. Actually it is close enough for any gyros en¬ 
countered in practice. 


Digitized by LjOOQie 


219 





BASIC GYRO 


LAW OF 


CONSIDERATIONS 


PRECESSION 


ongulor 

VELOCITY 


Suppose that the wheel la spinning with angular velocity <*> 
radlans/sec. about the spin axis at O, and precesslng with 
angular velocity A about vertical axis OP (A » dA/dt). 


//// 

/'// 

// 

a / 




angular 

VELOCITY 

Ul 








A particle of mass mi (not necessarily on the rim) Is at point 
Q at the beginning of Infinitesimal time Interval dt. Point Q 
Is at a distance ri from O, making an angle 0i with OP. Thus, 
Q is at a distance ri sin ^i from OP, and at a distance that Is 
ri cos 01 - yi from horizontal axis CD. The particle has two 
velocities: 1) ri^v due to spin, and 2) Ari sin 0i due to preces¬ 
sion. These velocities are at right angles; the one due to 
precession is horizontal. 


During tlfiie Interval dt, the wheel spins through angle ^dt, 
thereby increasing 0i to 0i * (<^dt; It also precesses through 
angle Adt. As a result of these two motions, the particle Is 
now at Q’. Not only Its position but Its two velocities have 
changed. The velocity due to spin Is still ri(^, but Its direction 
has chained. The velocity due to precession has Increased 
from Ari sin 0i to Ari sin (0i * uidt); also Its direction has 
changed. The spin velocity vector at Q Is swung COUNTER¬ 
CLOCKWISE (looking fromQ toward 0)when the particle moves 
to Q'. The precession velocity vector Is lengthened because Q' 
Is farther from OP than Q Is. Both effects are due to a force 
polnUng TOWARD US. 


Dihedrol 
angle 
between 
these two 
positions of 
the wheel 
equols 
dA'Adt 




// 

// 

II 



Google 




PRECESSION 


The spin velocity at S is swung counterclockwise 
(looking from S to O) when the particle moves to 
S'. Tlie precession velocity vector is shortened 
because S' is closer to OP than S is. Evidently 
all particles above CD are acted on by forces 
pointing TOWARD US. 


The spin velocity vector at Q" is spun clockwise 
(looking from Q*’ to O) when the particle moves 
to Q"! The precession velocity vector is lei^th- 
ened. Evidently all particles below CD are acted 
on forces pointing AWAY FROM US. 



These changes in velocity constitute an ACCELERATION, which must 
be due to a FORCE. The only force that concerns us is horizontal and, 
in addition, perpendicular to the plane of the wheel. Other forces would 
tend to compress the material of the wheel or accelerate the spin, and 
we know that neither of these events occur. 

This all adds up to a torque about CD, clockwise looking from C to D. 
The only other mode of rotation the wheel has (apart from its spin) is 
about OP. But the torques about OP cancel out, because every particle 
on the left side of OP has its "image" on the right side, and they are 
acted on by forces in the same direction. 

To sum up: Consider the forces on all the particles in the wheel that 
are horizontal and, in addition, perpendicular to the plane of the wheel. 
When we have added together their torques about CD we shall have the 
total torque producing precession. 


We shall now derive the mathematical formula of precession: 
T= iwA 

where T = torque 

s angular velocity of spin 
A s angular velocity of precession 


Digitized by 


Google 


221 



BASIC GYRO 


LAW OF PRECESSION 



MATHEMATICAL 

ANALYSIS 


Let dV be the significant change in velocity, i.e. the change 
in velocity perpendicular to the plane of the irtieel. Then 
dV/dt B acceleration, and mi(dV/dt) « force on particle 
producing thia acceleration. 

To obtain dV, we obtain the components of the horizontal 
velocities at Q and Q* perpendicular to the plane d the 
wheel at Q, then subtract the components at Q from the 
components at Q'. 


PROJEaiON Of VELOCITIES AT O ONTO A HORIZONTAL PLANE 


r|W cos^i 


A r, sln^i 


HORIZONTAL COMPONENTS OF 
VELOCITIES AT Q 
AS SHOWN ABOVE 



HORIZONTAL COMPONENTS OF 
VELOCITIES AT Q' 

AS SHOWN ABOVE LEFT 


sin(^i + <«^dt) 


EVALUATION OF TORQUE 


We now add the velocity vectors dV and dW to obtain 
the torquA substituting the values Just obtained. 


dV » dV’ ♦ dV" 

s r cos • Adt + Ari cos d^j^ 


Acceleration = dV/dt » dV'/dt + dV”/dt 


B r^w cos ^ 'F ^1 #1 (d^i/dt) 

s ri« cos fi- A Ari cos • « 
s cos 

» 2Awyi- 

Force s mass x acceleration 

s 2miA(t)yi 

Torque about CD « force x yi 

■ 2miAwyi* 

« 2A(» • miyi* Ihis is the torque due to the force on the 
particle at Q, with mass mi distant yi from 
CD. The irtiole wheel consists of particles 

with masses mi, m2> m3.whose 

distances from CD are yi, y2> y3>. 

Torque on whole wheel about CD s 2Aw(miyi* m2y2* + • • ■) 

-2AwIb 

where Jg « moment of inertia about CD 

= ii/m 

where I» moment oi inertia about spin axis 
So torque » T » iu)A 
E3q>re8S and A in radians per second. 



H I is in pound-feet squared, 
then T will be in poundal-feet. 
To obtain T in pound-feet, divide 
by g (S2.2 at sea level). To eval¬ 
uate I (M being the mass in 
pounds): For a uniform disk: 
I » (l/2)Mr*. For a disk with 
most of its mass near the rim, 
I - kMr’, where k is between 
1/2 and 1. 
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Horizontal spin velocity vector r^w cos and horizontal precession velocity 
vector Ari sin both chaise In magnitude and direction. However, in the case 
of the spin velocity vector we need consider only the change in direction; in the 
case of the precession velocity we need consider only the change in magnitude. 

This is because the change in magnitude of riw cos and the change In direction 
of Ari sin are due to forces not perpendicular to the plane of the wheel. (Jn- 
cldentally they only introduce negligible second-order infinitesimals.) 

Let dV's change in velocity due to change in direction of rici^ cos 
dV" = change in velocity due to change in magnitude of Arx sin 

Since dV* and dV*' are in the same direction (perpendicular to the plane of the 
wheel), they can be added numerically. 

Total change in velocity 
= dV = dV' + dV" 

To obtain dV', consider chaise in direction of ri<<^ cos 
dV’ * riw cos 0iAdt. -► dV* 

To obtain dV", we simply differentiate sin 0i: 
dV" s d(Ari sin ^i) > Ari cos ^1 d0i. (A and ri are constants.) 

We have now obtained the required horizontal velocity vectors. 



The equation T » applies only to cases 
where spin and precession are about mutually 
perpendicular axes. For the present, these 
are the only cases we shall consider. For 
other cases, there is a more complicated equa¬ 
tion which reduces to the simpler one with 
increasing rate of spin. 

Now we see wlty the wheel does not topple 
over. We have shown that the precession ve¬ 
locity A accounts for qll of the applied torque 
I^A. Hence, there can be no other motion of 
the wheel, except spin. 

The equation T » I(*>A tells us that the torque 
required to produce a given precession is 
directly proportional to the rate of spin and 
the rate of precession. Transposing, we ob¬ 
tain: A B T/lw. This tells us that rate of 
precession is directly proportional to torque 
but inversely proportional to rate of spin. 
The faster the spin, the slower the precession. 

The sense in which the torque acts - clockwise 
looking from C to D - gives us the "law of axes" 
discussed further on. Every particle has two 
forces acting on it, one which rotates the spin 
velocity vector and one which expands or con¬ 
tracts the precession velocity vector. With 
regard to the former: 


yy nC lTY VECTOR j^P 


direction^ 





CHANGE-IN-VELOOTY 
VEaOR 
= ACCEl X dt 


If dt is infinitesimal, the chaise in-veloclty vector, and hence 
the acceleration, is perpendicular to the spin velocity vector. (By 
"acceleration" we mean that portion of the total acceleration which 
is due to the rotation ctf the spin velocity vector.) 


If the acceleration persisted for a finite time 
in the same direction, the velocity would change 
in magnitude. 



But this does not occur. The acceleration moves 
aroimd so as to be always perpendicular to the 
velocity, which retains the same magnitude. 


VELOCITY(OLD) 



Analogy: A stone, 
whirled around on 
a string in a cir¬ 
cular path at constant 
speed, has a constant 
acceleration toward 
the center. 

VtlOCity of 

ston«"V 


Accoltraliofi toMrd c«nf«r 



String of rodiut 


TENSION IN STRING«CENTRIFUGAL FORCE 
^ mVE 
“ r 


5512OT 0-60-16 
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BASIC GYRO 


“RIGIDITY" 

FALLACY 


There Is a popular misconception about gyros: "due 
to their spin, they rigidly Tnaintaifi their direction in 
space". This is a half-truth. Ifltwere possible to mount 
a gyro or any other object on absolutely frictionless 
bearings and its frame were then rotated, the object 
would maintain its direction even if not spinning. But 
the bearings do have friction, so the object (if not 
spinning) is rotated in the same direction as the frame. 
Spin transforms this rotation into a tendency toprecess 


spin-forque-precesslon rule of axes 


A rotation or torque in the direction 
shown by the curved arrow is rep¬ 
resented by the straight arrow. The 
convention is that the direction of 
rotation or torque is clockwise 
looking toward the head of the 
straight arrow. 



Heavy arrows (axes) show direction 
of SPIN, TORQUE, and PRECESSION 
according to the convention. 


Axes detached from gyro and 
brought together show general law: 
spin, torque and precession are 
about three perpendicular axes so 
arranged that a right-hand screw 
motion OUT along the precession 
axis turns from spin toward torque 
through an acute angle. Also the 
spin-torque-precesslon axes are 
in same relatlonas theX-Y-Zaxes 
In standard physics theory. 


PRECESSION 

(Z) 



PRECESSION 



Velocity vector due to spin 

(seen from above) is rotated clockwise. 

Velocity vector due to precession: 

1. AWAY FROM US — is lengthened 
because position 2 is farther from OP 
than position 1. 

2. TOWARD US — is shortened 
because position 4 is closer to OP 
than position 3. 

Top half of wheel is acted on 
by forces pointing away from us. 

Torque is counterclockwise, 
looking from C to O 


SPIN 

VELOCITY 
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about an axis perpendicular to the axis of spin, and the 
axis of the torque applied by the friction of the bearings. 
If the friction is very small, the torque Is very small 
and so the precession can be so slow as to be inobserv- 
able. That Is what happens when a gyroscope seems to 
’’maintain its direction". This phenomenon rfftiwawHa ^ 
very h^h rate of spin and a large moment of inertia, so 
as to reduce the rate of precession to a minimuTn ac¬ 
cording to the equation As T/I u). 


New axes of rotation 



TORQUE 



SPIN 


B PRECESSION 

% 


New axes detached and brought together 
Right-hand screw law still spiles. 



Axes turned upside down 
X-Y-Z law stm applies. 

PRECESSION 

(Z) 




Another way of expressing the 
law of axes is to say: preces¬ 
sion tends to rotate the spin 
axis toward the torque axis; 
this is so, even when the axes 
are not mutually perpendicular. 
This can be simply illustrated 
by mounting a gjrro with two 
gimbals as shown, so that the 
torque glmbal and spin axes 
coincide. If we apply a torque 
to the glmbal in the same di¬ 
rection as spin, the gyro is 
in stable equilibrium. 


But, if we ^ly the torque in 
the opposite direction the gyro 
is in unstable equilibrium. 
When the gyro gets off "dead 
center", it will flip right over 
through 180 degrees, so as to 
align itself with the torque axis. 
The princ^le that the spin axis 
seeks the torque axis is used in 
the gyroscopic compass, which 
we shall discuss further on. 
Note that in the example of 
precession - due - to - torque 
we studied further back, the 
spin axis will seek the torque 
axis, which will continue to 
keep moving away from it. 




Digitized by ^ooQle 


225 



BASIC GYRO 


GYRO REACTION 


A torque sqjplled to a spinning gyro makes it precess 
at a constant rate. By Newton's third law of motion 
("action and reaction are equal and opposite"), the gyro 
resists the precession by an equal and opposite torque. 
This opposing torque is known as the gyro reaction, and 
is the torque exerted by the gyro on its bearings and sup¬ 
port. Suppose that a gyro is rigidly Installed on a moving 
body (such as a missile or ship), and that its spin axis is 
horizontal. B the body changes its direction while the 
gyro is spinning at high speed, the direction of the spin 
axis will change by the same amount. This change in 
direction of the spin axis is sometimes called "forced 
precession". We prefer to call it applied rotation, re¬ 
serving the term "precession" for that constant velocity 
brought about by ft constant torque. Just as a torque 
caused precession, so does an applied rotation cause a 


torque. An applied rotation calls forth a reaction torque 
by the gyro against its bearings and supports — a gyro 
reaction, in fact, equal to where I is the moment 
of inertia, u) the spin velocity, and A the ai^lied rotation 
velocity. This gyro reaction is equal and opposite to the 
torque that would be required to produce a precession 
equal to the ^plied rotation. 

U the glmbal supporting the gyro is spring-connected to 
the housing, the gyro reaction can be measured by the 
stretch of the spring. (Ihis stretch must be very small, 
so that spin and applied rotation are still about mutually 
perpendicular axes.) From the amount of stretch we 
can compute the rate of applied rotation, A. This is the 
principle of the rate gyro, described in the next section. 
We can now devise a new set of axes. 


EXAMPLE OF GYRO REACTION 



B a rotating wheel in the ei^ines of a 
ship is mounted with Its shaft athwart- 
ships,when the ship rolls the shaftexerts 
a gyro reaction on its bearings about a 
vertical axis, wearing to the bearings. 

GYRO REACTION aRRIIED ROTATION 
<ROLL| 


SPIN 


SPIN 


OPPOSED 
GYRO 
REAaiON 
IN DIRECTION 
Of 

FORWARD 

PITCH 



UNSUCCESSFUL 
SHIP STABIUZER. Wheel 
glmbal clamped so that it 
cannot pitch with respect to 
the ship. Merely slightly 
modifies ship's own pitch. 


To avoid this the shafts are aligned 
fore-and-aft. Then the spin and {q)plied 
rotation axes are parallel and there is 
no gyro reaction due to roll. 



SPIN 


UNOPPOSED 

GYRO 

REACTION 

AND 

SECOND 

APPLIED 

ROTATION 


SECOND GYRO 
REACTION 



SUCCESSFUL 

SHIP STABILIZER. Glmbal 
free, so wheel pitches for¬ 
ward with respect to ship. 
This constitutes a second 
applied rotation which gen¬ 
erates a second gyro reaction 
opposing roll. 


There is a gyro reaction due to pitch. 

APPLIED gyro REACTION 



SPIN 



Same stabilizer considered 
from spin-torque-precession 
viewpoint. Waves supply a 
(roll) torque, gyro processes 
forward. Precession is the 
applied rotation which gen¬ 
erates the gyro reaction 
opposing the original torque, 
i.e. roll. 
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SPIN-APPLIED ROTATION-GYRO REACTION 

rule of axes 


APniED 




AmiED 




OYEO REAaiON 



RIGHT HAND SCREW 
AND X-Y.Z REIATIONS 
ARPIY TO 
SPIN 

APPLIED ROTATION 
GYRO REAaiON 


.. mA 

^ *orArioN 

(Yl 


GYRO REACTION TENDS TO 
TURN SPIN AXIS TOWARDS 
APPLIED ROTATION AXIS 



We have these two viewpoints because certain extreme 
cases can be considered from only one of them. Take the 
ordinal case of a gyro with its spin axis horizontal; a 
weight hung on the spin axis. There is no rotation in the 
direction of torque. Instead, there is steady precession 
about a vertical axis. This case must be considered from 
the spin - torque > precession viewpoint. Or, take the 
case of a rate gyro. A steady rotation is ^^lied. The 
gyro tries to rotate about an axis perpendicular to the 
spin and applied rotation axes, but no rotation occurs 
other than that permitted by the very slight stretching of 
a spring. This case must be considered from the spin - 
applied rotation - gyro reaction viewpoint. But, if there is 
an applied rotation, and the gyro reaction is not resisted 
— as in the successful stabilizer — we have three actual 
modes of rotation present at the same time. Such cases 
can be considered from either viewpoint. Note that if the 
first applied rotation persists, the produced rotation (or 
precession) does not last long. It stops as soon as the spin 
axis has lined up with the applied rotation (or torque) axis. 

This method of stabilizii^ a ship was later superseded 
by other devices, but It is Instructive as illustrating gyro 
principles. Stabilization is very much in use today > not 
ship stabilization, which has largely been discontinued, 
but stabilization of gun platforms, telescopes, radars, etc. 
The methods used generally involve servo mechanisms. 
One very Important method will be discussed under 
"Functions of Gyro Devices". 



CLASSROOM GYRO WITH AHACHED 
WEIGHT, SHOWN PRECESSING 

SUMMARY 

A gyro is awheel spinning at high velocity, thereby possess¬ 
ing properties useful in ordnance and other areas. When a 
torque is applied to a gyro about an axis perpendicular to 
spin, it precesses about an axis perpendicular to both of 
these; the spin axis pursues the torque axis. When a rota¬ 
tion is applied to a gyro about an axis perpendicular to spin, 
it exerts a torque — gyro reaction ^ on its bearings and 
supports about an axis perpendicular to the other axes; the 
spin axis tries to pursue the ai^lied rotation axis. 
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BASIC GYRO 


PROBLEMS 


i. State what happens, and why, when the following 
operations are performed. (It is assumed that gimbal 
A Is always rotated clockwise, looking from above.) 

(1) Gyro spinning 
Bearings G and H free. 

Bearings E and F clamped. 

Gimbal A rotated about bearing D. 

(2) Gyro not spinning. 

All bearings free. 

Gimbal A rotated slowly about bearing D. 

(3) Gyro spinning. 

All bearings free. 

Gimbal A rotated slowly about bearing D. 

(4) Gyro spinning. 

All bearings free. 

Gimbal A rotated rapidly about bearing D. 

(5) Gyro spinning. 

Bearings E and F free. 

Bearings G and H clamped. 

Gimbal A rotated slowly about bearing D. 



2. A Impound gyro (neglect weight of gimbals), spinning 
at 4 revs/sec., has an 8-ounce weight hung on its (hori¬ 
zontal) spin axis, 3 inches from the center. Wheel is one 
foot in diameter. How long (to the nearest second) does 
it take to process once around its vertical axis? If we 
double the rate of spin, how long does it take? 


3. The wheel ofarate gyro is auniform flat disk, 2inches 
in diameter and weighing 0.2 pound. It spins at 6000 rpm. 
Its supporting gimbals are connected by arm A to apair of 
springs, 3 inches on either side of axis B. The vessel on 
which the gyro is mounted makes a turn at 10°/sec. to the 
left. This applied rotation creates a gyro reaction: arm 
A is deflected, elongating one spring, and compressing 
the other (1/8 inch for 1/10 lb. of force on the spring). 
Which spring elongates, and by bow much? Through what 
angle Is arm A deflected? (The answers to these questions 
need only be approximate.) 


APPLIED ROTATION 
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CHAPTER 7 0YRO PRINCIPLES 


1 


SECTION 



FUNCTIONS OF GYRO DEVICES 



Cross level and level, 
measured by the stable element, 
are transmitted through 
electronic circuits to 
stabilize the guns. 


There are two fundamental ways of mounting a gyro. A: to 
constrain it by a spring or a torque motor; B: to mount It 
as a free gyro, with freedom of rotation In all directions. 

CONSTRAINED GYRO 

A constrained gyro can be used in two basic ways: 1) Rotation can be applied and gyro 
reaction measured. This is the principle of the "rate gyro". 2) Torque can be applied 
and precession be the output. This is the principle of the "integrating gyro". If angle 
of precession is measured, this gives us direct integration. If the applied torque is 
adjusted to make the precession track a moving object, and the torque is then measurei^ 
this gives us inverse integration, i.e., rate measurement. 


FREE GYRO 

A free gyro can be used to establish a fixed reference, usually vertical or horizontal. 
The use of this principle in two important fire-control devices is discussed: 1) The 
stable element, used in measuring roll and pitch, or cross-level and level, and 2) the 
gyro compass, used in measuring yaw and own ship’s course. 
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FUNCTIONS OF GYRO DEVICES 


CONSTRAINED 


A gyro with one of its modee of rotation constrained by a spring, or torque 
motor, may be used in two ways. One makes use of spin-applied rotation- 
gyro reaction. Rotation is applied to the gyro; the resulting gyro reaction 
stretches one of the springs and compresses the other, or the reaction is 
resisted by the torque motor. The measured gyro reaction tells us the rate 
of rotation. This device Is called a rate gyro. 

The other use of a constrained gyro Is to apply the torque, and obtain pre¬ 
cession. The gyro Is then an Integrator, because the angle processed 


APPLIED ROTATION 


Below Is shown the principle of a rate gyro as used to measure the rate 
of turn of a sh^) on which it Is mounted. The ship 8\q)plle8 the applied 
rotation; sprites supply the constraint, and measure the gyro reaction. 



8 

Pointer movement Is prc^ortlonal to 
l.e. to A 

(as I and are known constants) 
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GYRO 


through is the time-Integral of the Input torque. An integrator can be used 
either: 1) to observe the angle precessed through, and thereby derive the 
time-integral of the torque, or 2) to adjust the torque so that the gyro 
follows a moving line-of-sight; the torque is then observed, and provides 
the angular rate of the line-of-slght. Note that in the last example we 
end by differentiating line-of-sight position. Yet, the gyro is still an in¬ 
tegrator. Torque is still the ti 4 >ut (as well as being measured), and rotation 
is still the output, but the output is compared with the motion of an object. 


’ • (gyro reaction measured — rate gyro) 

Below is shown the principle of a rate gyro as used to measure the angular 
velocity of a line-of-slght. A telescope, trained on the target, supplies the 
applied rotation; springs supply the constraint, and measure the gyro reaction. 


4 



TARGET 
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FUNCTIONS OF GYRO DEVICES CONSTRAINED GYRO 


APPLIED TORQUE .... INTEGRATING GYRO 


DIRECT INTEGRATION 


A torque, proportional to some quantity whose time 
Integral Is desired, Is applied to a gyro, causing 
It to process. Since rate of precession is propor¬ 
tional to torque, the angle processed through Is 
proportional to the time integral of torque. 


Torque = T = Iw ^ 



A = ^/Tdt 

(since I and u) are constant) 


PRECESSION 


SPIN 


SPIN IS SUPPLIED 

BY A MOTOR (NOT SHOWN) 

RATE OF SPIN oi 

IS A KNOWN CONSTANT 

OF THE GYRO 



TORQUE 
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When the iqnit Is torque, and the ou^ut Is precession, 
the gyro is called an Integrating gyro, ft can be used 
for direct integration, or for rate measurement. 


RATE MEASUREMENT (torque measured) 


An integrating gyro can be made to measure angular 
velocity, not by direct differentiation (as with a rate 
gyro), but by an indirect method. Suppose we wish to 
measure the angular velocity of the line-of-sigfat to a 
moving target. A telescope is attached to a gyro which 
is oriented so that, when it precesses, the telescope 
follows the same path as the line>of-sigbt. A torque is 


then applied to the gyro; this torque is varied until the 
target stays on the cross hairs of the telescope. The 
magnitude of the torque then gives the rate of precession: 
k - T/Ict); I and are known constants. 

An integrating gyro used in this manner is sometimes 
called a precession rate output gyro. 


ANGULAR VELOCmr OF UNE-OF-SIGHT 
dA T 

■■ar •isr 


When the torque is the correct one 
to make the telescope follow the 
moving tat^et . . . 


... its value, 
shown on 
the scale, 
gives the 

angular velocity of 
the line>of-sight. 


A = 


dA 

dt 


T 

lU) 


TORQUE 

MOTOR 

CONTROL 




TORQUE 


COUNTER WEIGHT 


PRECESSION 


fti the ch^ter on ^peed Measurements we discussed 
various devices called integrators because their ou^ut 
is the time Integral of their input. For instance, in the 
familiar mechanical integrator, the iiq>ut is the move¬ 
ment of a ball carriage, while the output is the rotation 
of a cylinder. It was pointed out that an Integrator can 
be used to measure rates by finding out what movement 
of the ball carriage will cause the cylinder rotation to 
follow a moving object. This Is an indirect method of 
using an integrator to differentiate. Here, in gyros, we 
have a similar situation. The iig)ut is torque; the ou^ut 


is precession. The ou^t is the time integral of the 
input. We find out what input will make the ou^ut follow 
a moving object. Again, this is an indirect method of 
using an Integrator to differentiate. There is a difference 
in the two cases. The ball-and-roller Integrator is 
irreversible; you cannot make the ball carriage move by 
turning the cylinder. So, it can measure rates only by 
an indirect method. But a constrained gyro is reversible; 
you can apply a torque and obtain precession (indirect 
method), or you can give an applied rotation and obtain 
a gyro reaction (direct method). 
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FUNCTIONS OF GYRO DEVICES 





A free gyro differs from a constrained gyro In that the free 
gyro Is free to rotate In all directions. Its principal use Is to 
establish a fixed direction reference. Applications of this are 


GYRO AS FIXED 


Suppose that a big, heavy, fast spinning 
gyro is mounted so it has universal 
motion, and that the base rests on a 
platform capable of angular movement 
about either of the three axes, OX, OY, 
and OZ. Axes OX and OY are In the 
platform; axis OZ Is perpendicular 
to the platform. 


VERY SLOW 
PRECESSION 


VERY FAST 
SPIN 




VERY SLIGHT 
TORQUE 



If the platform 
rotates about 
OX, a very slight 
torque will be 
exerted on 
gyro axis A 
caused by the 
friction of its 
bearings. 



This will result In a very slowprecesslon of the gyro about 
axis B, the rate of precession being given by equation: 

A = T/Iw 

If the bearings are nearly frictionless, and the wheel Is 
b^, heavy, and spinning fast enough that Is, If T Is 
small enough and I and u> big enough — then A can practi¬ 
cally be zero. This precession Is Imperceptible — yet 


It is present, and with It Its most Important property: 
that of preventing all other motion of the gyro, except 
spin. (In the section on Basic Gyro, a mathematical de¬ 
rivation of the law of precession was given. It showed 
that the ai^lar acceleration due to torque was fully 
accounted for by the velocity of precession.) Thus, when 
the platform rotates about OX, axis B will preserve Its 
horizontal position, and the spin axis Its vertical position. 





Thus, the gyro maintains Its position In space throughout both rotations. 
However, the innermost gimbal would not maintain Its position if the 
platform rotated about OZ. That is because the axis of the torque pro¬ 
duced at the axis C bearing Is parallel to the spin axis, so the gyro 
would not precess. So the torque, though slight, would cause the whole 
system of gimbals and gyro to turn around with the base. To achieve 
stability about OC, a second gyro must be used, mounted with its spin 
axis horizontal. It could be attached to the Innermost gimbal. 


In 1852, Leon Foucault, of Paris, made use 
of this property of gyros to show the rotation 
of the earth. But It Is the earth that is 
moving, and the gyro that Is at rest (except 
for Its spinning and minute precession). For 
simplicity, the gyro is shown at the equator. 
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GYRO 


the stable element for vertical reference, and gyro compass 
for horizontal reference. First, let us discuss the property 
which enables a gyro to serve as a fixed direction reference. 


DIRECTION REFERENCE 


Suppose the platform rotates about OY instead of OX. 
The gyro will experience a very slight torque due to 
the slight friction between axis B and its bearings. 
This will cause an imperceptible precession about axis 
A. Axis A tuts with the platform, but axis B does not 
turn in space, so the spin axis remains vertical. 


Z 




VERY FAST 
SPIN 


YOKE 


VERY SLOW 
PRECESSION 


VERY SLIGHT 
TORQUE 


AXIS 



“f 

GYRO AXIS 
HORIZONTAL 


GYRO AXIS 
NO LONGER 
VERTICAL 


GYRO AXIS 
VERTICAL 


This property—apparent "rigidity" —can be made use of in two 
principal ways. One is to measure the rotation of the platform; 
the other is to establish a second, stable platform. (In both 
operations it is Important that only the sl^htest load, if any, 
should be put on the Innermost glmbal; otherwise, a perceptible 
torque will be on it, causing the gyro to process excessively.) 

Stated in a more general way: a free gyro (with certain artificial 
aids) can be used to establish a FIXED REFERENCE, as will be 
discussed in more detail in the following pages. 
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FUNCTIONS OF GYRO DEVICES FREE OYRO 


ESTABLISHMENT OF A FIXED REFERENCE 


In any weapon control operation, fixed reference axes are 
required, such that rotation about them can be measured 
and corrected for. A gun platform needs to be stabilized 
in roll, pitch, and yaw. A missile needs to have any ro¬ 
tation away from, or about, its course measured and 
corrected for. 

In operations lasting a short time, this can be achieved 
by free gyros which display their so-called "rigidity”, 
and maintain a constant direction of their spin axes. 
Follow-up circuits will detect deviations from this direc¬ 
tion on the part of the platform or missile framework, 
and supply the needed correction. However, in operations 
lasting a relatively long time, various slight forces and 
disturbances acting on the gyro will gradually cause It to 
depart from its original direction. We cannot trust an 
unassisted free gyro; we must establish an artificial 
standard or reference. 

In general, two non-colllnear axes will sufilce to measure 
any rotation. (They Imply a third axis, perpendicular to 
both.) In other words, two gyros with non-collinear 
spin axes can solve any stabilization problem, provided 


that their spin axes can be stabilized In fixed directions. 
(One gyro can sense both roll and pitch, and another gyro 
can sense yaw.) 

It is impractical to choose a fixed "space" direction for 
either of the ^In axes—such as pointing It at a fixed 
star. It would be possible to stabilize the spin axis In such 
a direction only by some artificial contrivance such as a 
photoelectric cell. Besides, space reference may not be 
convenient In weapon control, when missile or platform 
and target are basically earth-referenced. 

We want to find two axes, fixed with relation to the earth, 
that natural forces will bring the spin axis back to when 
it deviates from these axes. The most obvious force is 
gravity, which can be made to establish a fixed reference; 
that Is, to stabilize a gyro with a vertical spin axis. This 
is the principle of the STABLE ELEMENT, as discussed 
later. This suggests maki ng a horizontal reference. The 
rotation of the earth, combined with gravity, can be used 
to stabilize a gyro with a horizontal spin axis pointing 
north. This Is the principle of the GYRO COMPASS, as 
discussed later on. 


ESTABLISHMENT OF A VERTICAL REFERENCE 


GENERAL 


Assume that a set of gimbals is mounted on the deck of a ship, but is 
not given any special orientation with respect to the ship. In btct, it 
is not even given a constant orientation, because the whole system Is 
steadily rotated about a vertical axis. Its sole object Is to provide a 
constant vertical reference. It is convenient to make this vertical with 
respect to the earth, so that gravity can be used as a reference, and so 
that It can be used in conjunction with quantities which Involve an earth- 
vertical plane, such as roll, pitch, level, and cross-level. To achieve 
this, an erector system Is used. 


ESTABLISHMENT OF A VERTICAL REFERENCE 

LATITUDE WEIGHT 


It is not desired that a free gyro strictly maintain its direction in space, 
but that its spin axis should always point to the center of the earth. To 
do this, it must be made to process. A latitude weight Is used to correct 
loss of vertlcallty due to the earth's rotation. 

The latitude weight gets Its rather misleading name from the fact that 
the desired rate of precession (and, therefore, the torque exerted by 
the weight) is different at different latitudes (maximum at the equator; 
zero at the poles ). It Is not a correction for latitude; it Is a correction 
for rotation of the earth. 

Since the desired precession is about the axis of the earth, it must 
always be in the same direction (relative to the earth). That is to say, 
the torque must always be in the same direction. Therefore, the latitude 
weight must not be bung on a gimbal, because the gimbals and wheel are 
all rotating at about 20 revolutions per minute (for operation of the 
mercury control system). 



GYRO 

AT 

NORTH 
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MISSILE MISSILE GYRO ACTIVATES FOLLOW-UP CIRCUITS 






MISSILE 

OVERSHOOTS 


MISSILE SLIGHTLY OVERSHOOTS 
IN OPPOSITE DIRECTION 


MISSILE FINALLY STEADIES 
BACK ON COURSE 


First, It is important 
that the gyro should 
not exactly maintain 
its direction in space, 
for if it did, its spin 
axis would not con¬ 
tinue to point toward 
the center of the earth. 





Instead, we wish the gyro to behave like this; 
To achieve this, we hang a small latitude weight 
on a shaft mounted at the top of one of the gim¬ 
bals, (as shown below) to produce an "applied 
torque" to give it a precession such that it will 
be coincident with the extended radius of the 
earth. Additional precession is generated by a 
mercury control system to restore lost verti- 
callty caused by local disturbances. To operate 
the system, a motor rotates the gimbals and 
gyro steadily about a vertical axis at about 20 
revolutions per minute. 



A small synchro motor is mounted 
onthe top of the vertical glmbal; its 
rotor rotates at the same speed as 
the structure, but in the opposite 
direction. Thus, anything attached 
to the rotor is at rest, relative to 
the earth. The rotor supports a 
small arm, which supports the 
weight. The figures at right show 
the latitude weight: 1) in principle, 
2) in actuality. The latitude weight 
consists of two knurled nuts on a 
threaded rod. The scale is for ad¬ 
justing the weight's position. At 
low latitudes, the nuts are moved 
further out on the rod than at high 
latitudes, so as to produce a h^her 
torque and faster precession. 




LATITUDE 

WEIGHT 


SCALE 


SYNCHRO 
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FUNaiONS OF GYRO DEVICES FREE OYRO 


ESTABLISHMENT OF A VERTICAL 


preliminary anaiysis 


The mercury control is a portion of the erector 
system used to restore the gyro to vertical 
when it departs from vertical because of some 
local distiirbance, such as bearing friction. 
Suppose the inner glmbal has been displaced by 
an angle a from vertical, as shown at the right. 
We must apply a torque on the gyro that will 
cause it to process back to vertical. When we 
have succeeded, a will decrease. 


Inner gimbal displaced 
from vertical by small 
angle a 



Rate of flow (for practical purposes) is proper- Position when ^90* 

tional to tilt of pipe. 


At intermediate positions, the pipe inclination 
to the horizontal is a sin 0 (when a is small). 

It follows that the rate of flow from B to A is 
proportional to sin that is, proportional to 
sin k^t (where t is time elapsed after 0 was 
zero, and k^ is a constant), because 0 increases 
at a uniform rate. When 0 is between 180° and 
360°, sin ^ is negative, and the flow is from A 
to B. 

Rate of flow " k 2 a sin 0 
- k 2 a sin k^t 

Tilt of pipe - a 



Merciiry flowing from tank B to tank A. 
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MERCURY CONTROL 


Axis supporting inner 
gimbal (horizontal at 
this position) 


Consider the effect of attaching to the inner 
gimbal two tanks (A and B) partly filled with 
mercury, and connected by a pipe; also rotating 
the whole gyro>gimbal structure horizontally at 
about 20 r.p.m., in the same direction as spin. 
Let ^ be the horizontal angle through which the 
structure has been turned from the position 
shown in the illustration at the right. 


At this position, 
is horizontal, but tank B 
has a preponderance of 
mercury 



Required torque 


Desired precession 
Mercury tanks 
Yoke rotation 


Input from motor 


If tanks start haring equal weight, the 
rate of flow and the preponderance of 
mercury in tank A are as shown below: 



If, Instead, we start with B the heavier 
by a suitable amount, we can obtain the 
symmetrical arrangement shown below: 



Preponderance of mercury in tank A 
= (rate of flow) dt 
B k2 a sin k^t dt 
(if we neglect the slow change In a) 
» (kj/kj) a (1—cos kjt) 

This would make A always the heavier. 


Preponderance of mercury in tank A 
= (kg/kj) o (1—cos kj^t) 

— preponderance of B when t a o 
= (kg/kj) a (1-cos k^t) -(kg/k^) a 
a —(kg/k^) a cos kj^t 

Thus, for values of kj^t—l.e., values of 
between 270** and 0° and between (T and 90°, 
the preponderance of A is negative; that is 
to say, B is the heavier. For values of ^ 
between 90° and 180°, and between 180° and 
270°, A is the heavier. 


SS1209 0 - 60 - 17 
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FUNOIONS OF GYRO DEVICES FREE GYRO 

ESTABLISHMENT OF VERTICAL REFERENCE -MERCURY CONTROL 


completion of cycle 


WHEN ^ « 90^ 

Tanks are now of equal weight. Thus, torque Is 
zero, and there is no precession. Desirable, 
because in this position it could not diminish a; 
inner gyro is on "dead center". From this 
position through values of 0 through 180* to 
270*, A will be the heavier. 


POSITION WHEN 0 » 90* 



WHEN ^ > 180*: 

The pipe is level again (angle » a sin 180* » 0), 
and flow has ceased. But A has its maximum 
preponderance over B. Torque is a maximum, 
as it was at 0*, only it has the reverse direction 
with respect to the equipment, but has the same 
direction in space. The same is also true of 
precession. Now, as we move toward 270*, A 
rises above B, and flow reverses its direction. 

POSITION WHEN 0 » 180* 



Torque is proportional to preponderance of 
mercury in tank A, viz: a cos 

Thus, torque is proportional to a. Thus, rate 
of precession (A « is proportional to a. 

As verticality is 2 q>proached, and or decreases, 
torque and rate of precession become negligible, 
so there is no overshoot. 


Rotation of whole structure is about an axis 
perpendicular to deck. This produces a slight 
torque (due to friction of bearings) tending to 
align spinaxls so as to be perpendicular to deck. 
This torque is negligible compared with torque 
established by mercury tanka which tends to 
align spin axis with extended radius of earth. 
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WHEN ^ > 270*: 


Flow from A to B Is maximum, but the tanks 
have equal weight, so the torque is again zero. 
Now B begins to get heavier, and continues to 
be heavier through 0*, and on to 90*. 


The cycle repeats itself until the inmost gimbal 
is vertical. After that, the horizontal rotation 
of the structure no longer affects the tanks, and 
the flow of mercury stops. 


POSITION WHEN 0 = 270* 



We have considered flow as caused entirely by 
tilt. When the p^e is horizontal (at 0* and 180*), 
tanks contain unequal weights of mercury, but 
the difference in mercury levels is negligible. 


At the right is shown a vertical reference 
equipment, emphasizing the mercury control. 
When the ship experiences accelerations or 
rapid turns, that might cause an unwanted 
flow of mercury, the operation of the control 
can be stopped automatically by means of 
the mercury cutout valve. 



CONTROl 

TANK 


CASE 
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CUTOUT VALVE 


MERCURY 

CUTOUT 


AIR PRESSURE 
EQUALIZER 
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FUNOIONS or GYIIO DEVICES FREE QYRO 


MEASUREMENT OF DECK INCLINATION 


GENERAL 


A vertical reference, like the one we discussed, 
can be used to measure the inclination of a 
ship's deck, from moment to moment. There 
are many ways of doing this. For instance, a 
beam of light could be shone from the vertical 
reference onto a mirror on the deck, and re¬ 
flected onto a scale. Or, the vertical reference 
could be observed through a graduated glass 
dome on the deck. Or, the vertical reference 
could be fitted into a universal joint attached 
to the deck; tnen the deck's movements could 
be picked up by a system of gears, and thus 
analyzed into their two components (roll and 
pitch, cross-level and level, or other com¬ 
ponents into which we wanted to resolve the 
movements). 

A method much used in fire-control equipment 
is to make the vertical reference bring into 
position a set of rings, by an electrical follow¬ 
up system. These rings are physically similar 
to the gimbals we have been discussing — those 
used to set up the vertical reference. This is 
a misleading coincidence. It must be emphasized 
that the use ofgimbals at this point is not chosen 
for any gsrroscopic reason. They are just a 
convenient way of using the vertical reference 
established by the gyro gimbals. The follow-up 
gimbals support no gyro. Their structure is 
not rotated, but given a fixed orientation with 
respect to the ship or line of sight. They are 
not in physical contact with the gyro gimbals, 
or any part of the vertical reference, but 
support follow-up coils receiving signals from 
the vertical reference. 


An electromagnet is mounted on the top of the 
Innermost gyro glmbal. This induces currents 
in follow-up coils; these currents are used to 
position the follow-up gimbals. Attached to 
the innermost follow-up gimbal is an umbrella 
made of non-conducting material. Mounted on 
the umbrella are the two follow-up coils, one 
for each gimbal motion; their windings are at 
right angles to each other. Each follow-up coil 
is connected to an a-c motor, through a control 
circuit consisting of an amplifier, a rectifier 
circuit, and an anti-hunt unit. 

The complete equipment is called a STABLE 
ELEMENT. It includes the vertical reference 
(gyro and gyro gimbals, and the erector system, 
contained In a case), follow-up gimbals, and the 
elements of the follow-up circuits, the motors, 
and the gear trains. The follow-up gimbals can 
be aligned with any reference axis, according 
to the position of the yoke (outermost support). 

The figure at the right shows the general case 
in which the yoke deck axis is aligned along an 
unspecified line in the deck. Two rotations are 
measured: 1) about this line, and 2) in a plane 
through this line perpendicular to the deck. 

On the following page, three special cases will 
be demonstrated; viz. the measurement of: 

1) Roll Zo, and Pitch Eio. 

2) Cross Level Zd, and Level Ei. 

3) Level Ei', and Cross-Level Z'. 

The quantities most often measured are Zd and 
Ei. Nevertheless, we shall begin by discussing 
the measurement of roll and pitch, because the 
fixed orientation of the yoke (along the ship's 
centerline) make it the easiest of the three 
setups to understand. (Ei* and Z' are measured 
when operating against targets on the horizon.) 
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Gear train 


Umbrella tilts with deck, displacing follow-up coils 
with respect to electromagnet. Induced currents 
operate servo loops which \ 
put umbrellav. \ 

back on \ 


; Follow-up coil 2 
'Follow-up coll 1 



Current induced in coll 1 by 


tilt of outer follow-up gimbal 


Vertical reference- 




SERVO \ 
LOOP 
1 


^ I 
I 



Current induced in coll 2 by 


tilt of Inner follow-up gimbal 



Inner follow-up gimbal 


✓Outer follow-up 
gimbal 


CONTROL 

2 



SERVO 

LOOP 

2 


Yoke deck axis 



M ick tilt about yoke deck axis 

I (restores outer follow-up gimbal 

■ to horizontal) 


■ Deck tilt in plane through 

yoke deck axis, and a fraction | 
% of outer gimbal rotation* m 

(restores inner follow-up | 

gimbal to vertical) ■ 


Compensating 

differential* 


I 

atlng 



*Tbe outer gimbal cannot be moved without moving 
the inner gimbal (the reverse is not true). So, 
when the outer gimbal is driven by its motor to 
horizontal, this moves the inner gimbal, causing it 
to walk on its own gear train. This Induces a current 
in foUow-up coil 2, so that the output of motor 2 
contains a fraction of deck tilt about the yoke deck 
axis. The compensating differential removes this 
fraction from the output of motor 2 to its synchros. 


COMPUTER DIRECTOR SYSTEM 
(FOR STABILIZING HRE-CONTROL EQUIPMENT) 


■synchros 


Slope component 2. 
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FUNCTIONS OF GYRO DEVICES FREE EYRO 


MEASUREMENT OF ROLL AND PITCH 


If the yoke is aligned with own ship centerline, 
the gimbals will measure the roll and pitch. 


Roll (Zo): Angle between two planes. One plane is 
vertical through own ship centerline. The other plane, 
perpendicular to the deck, is throi^h own ship center- 
line. The angle is measured about own ship centerline. 


2o (+) 





Pitch (Elo): Angle between the horizontal (The arrows in the above figure represent the 

plane and the deck plane. Angle measured directions of roll and pitch themselves, i.e., the 

in vertical plane through own ship centerline. opposite of the corrections performed below.) 


Current Induced in roll coil 
by tilt of roll glmbal 




li- 


Current Induced In pitch 
coil by tilt of pitch glmbal 


ROLL 

CONTROL 


ROLL 

SERVO 

LOOP 




t- 

I 

I 









-Pitch glmbal 


•Roll glmbal 


PITCH 

SERVO 

LOOP 



-►— 


i ■ 

. Elo-i-Zo/K . M 

(Zo/K is caused by walking of pitch gimbal. | 
K is a function of gear train design.) | 


Takes out Zo/K 



"Roll precedes pitch", I.e., roll glmbal 
must arrive at Its final position before 
pitch glmbal can do so. 


COMPUTER-DIRECTOR SYSTEM 
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MEASUREMENT 


AND 


If the yoke is aligned with a horizontal projection of the line of 
sight, the gimbals will measure cross level Zd and level Ei. 


Cross level (Zd): Angle between two planes. One plane 
is vertical through the line-of>sight. The other plane, 
perpendicular to the deck, is through the intersection of 
the deck plane with the vertical plane through the line- 
of-sight. The angle is measured about the axis which is 
the intersection of the deck plane with the vertical plane 
through the line-of>8ight. 



Level (Ei): Angle between the 
horizontal plane and the deck 
plane. The angle measured in 
the vertical plane through the 
/ line of sight. 



■ 

Zd + Bd/K, 
Takes out 



Target bearing Bd ^^1 
(signal from computer) 
causes both gimbals to walk 


I 

El + Bd/Kg+Zd/Kg M 
^^akea out Bd/K, 

Takes out Zd/ 


Cross level precedes level" (analogous to "Roll precedes pitch") 

Personnel or automatic target tracking causes the computer- 
director system to re-orient the yoke continuously in the 
vertical plane through the line of sight. 
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FUNCTIONS OF GYRO DEVICES FREE OYRO 


MEASUREMENT OF 


If the yoke is aligned at right angles to the plane perpendicular to 
the deck through the line-of-8^ht,the gimbals will measure level 
and cross level, as defined below: 

Level (El*): Angle between the deck 
plane and the horizontal plane. The 
angle is measured in plane through 
line-of-sight perpendicular to deck. 


Cross level (Z'): Angle between two planes. One plane is through 
the line-of-sight, and perpendicular to the deck. The other plane 
is vertical, through the Intersection of the horizontal plane with 
the plane through the line-of-sight perpendicular to the deck. The 
angle is measured about the axis which is the intersection of the 
horizontal plane with the vertical plane. 
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FUNCTIONS OF GYRO DEVICES PREB OYRO 


ESTABLISHMENT OF A HORIZONTAL 
need for precession 


We have explained how to establish a vertical reference. 
Another reference is needed. If a gun were mounted on a 
ship that rolled and pitched and yawed, the stable element 
would take out roll and pitch, but could do nothing about 
yaw because its gyro spin axis is vertical, thus making it 
Insensitive to rotation about a vertical axis. (This is 
explained under "Gyro as Fixed Direction Reference".) 
Or consider a missile aimed at a target. If forces acting 
on it caused it to roll, pitch, and yaw, a stable element 
mounted In it could eliminate only roll and pitch. 

A system sensitive to yaw is required; i.e., a gyro with 
a horizontal spin axis. This would establish a horizontal 
reference, in the same manner that the stable element 
establishes a vertical reference. 

But what horizontal reference? 

The target (stationary or moving) at which a missile is 
aimed, and that ship or site from which it is fired or 
launched, are both referenced to the earth. Therefore, it 


is desirable (and more practicable) that our horizontal 
reference also be an earth reference, such as north, 
rather than a "space" reference. Such an apparatus is 
called a gyro compass. 

Suppose that a gyro, free to rotate about three axes, is 
mounted with its gimbals on a platform resting on the 
ground. Its spin axis is pointed at a fixed star (any star 
— not necessarily the North Star). As the earth rotates, 
the platform rotates with it. If the gyro were perfectly 
free -- that is to say, if the bearings were ABSOLUTELY 
frictionless — rotation would exert no torque on the gyro, 
which would continue to point at the star. Since there is 
a slight friction in the bearings, the rotation will exert 
a slight torque on the gyro about the axis of the earth. 

The gyro will process until its spin axis is parallel to the 
earth's axis, and "points at the North Star". 

This is the simplest kind of gyro compass. However, it 
is impracticable, because: 


This condition may be corrected by mercury tanks 
("mercury ballistic"), but not used as they are in the 
stable element. There, they ke^ the spin axis vertical; 
here, they keep it horizontal. Here the tanks are mounted 



Spin axis 
horizontal, 
tanks level. 

I 

I 

I 

I 

I 

I 


If spin axis held its space direction, 
tank B would rise. Mercury would flow 
fromB to A. Level in A would be higher. 
A would become heavier than B. Re¬ 
sulting torque would process gyro so 
that A moved toward the south, and B 
toward the north. Now, consider what 
actually occurs. 


on the end of the spin axis. The gyro is not rotated, 
except \jy the rotation of the earth. 

Before e^qplaining how the mercury ballistic brings the 
axis back to the meridian, let us consider the final steady 
state arrived at. The spin axis is in the meridian. There 
is a sl^ht preponderance of mercury in the south tank; 
the north end of the spin axis is slight^ raised so as to 
equalize the levels of mercviry in the tanks. No mercury 
flows between the tanks, so the torque exerted by the 
heavier southern tank is constant, and of such a value as 
to process the spin axis at the right speed to counteract 
the earth's rotation, and keep the axis on the meridian. 
A gyro provided with a mercury ballistic does not merely 
hold the meridian; it seeks it. To take an extreme case, 
siq>pose that the ^in axis is initially pointing east and 
west. (For simplicity, suppose that the gyro is at the 
equator. Holding the meridian when at the equator is no 
problem, but seeking it is, as much as at any latitude.) 
Because the gyro is freely mounted, it is independent of 
roll and pitch. (Stabilization in yaw is discussed later.) 






DIRECTIONAL REFERENCE 


GYRO COMPASS 


1) The torque exerted by the oiice-ln-24-bours rotation 
would be so small that the precession (seeking the North 
Star) would be excessively slow. 

2) Any other rotation of the gyro platform—due to roll, 
pitch, and yaw of the ship—would be faster than earth 
rotation, and exert a greater torque, precessing the gyro 
axis toward some line not parallel to the earth's axis. 

3) Even if it worked, this gyro compass would be un¬ 
desirable because its spin axis would not be horizontal. 
Gyro compasses used today differ in many ways, but they 
all have this in common: they are artificially made to 
precess — by an externally applied force — so as to 
pursue and then ^tay on the meridian, while maintaining 


The important point is that we abandon the notion of 
trusting to the slow earth rotation to bring the gyro in 
line. We artiflcally correct the tendency of the gyro to 
preserve its original space orientation — and make it 
conform to the ever-changing space orientation of some 
earth orientation. 

When the gyro is at the equator, and the axis is horizontal 
and aligned with the meridian, the rotation of the earth 
will not disturb this condition. 

But, if it is at some other latitude—even though horizontal, 
and aligned with the meridian at a given instant—the 
rotation of the earth will change this condition. The north 
end of the axis will rise, and also point east of north. 



Like any undamped correction device (e.g., servo mech¬ 
anism), the mercury ballistic, if undamped, overshoots. 
Because tank A is now the more easterly tank, the earth's 
rotation causes it to rise (just as tank B rose when it was 
the more easterly tank). Tank A is still the heavier. So 
the torque is still in the same direction (with respect to 
the spin axis), and precession continues, with tank A still 
rising and mercury now flowing from tank A to tank B. 

So a cycle Is set up, with the spin axis moving up and 


down as well as back and forth. If the gyro is undamped, 
the spin axis will describe a closed curve about the 
horizontal meridian. When damping is applied, the curve 
becomes a spiral ending in the desired steady state, with 
the spin axis In the meridian, the north tank being slightly 
raised above the south tank. 

The same principle applies at other latitudes, and for 
small displacements from the meridian (as distinct from 
the extreme case of east-west orientation we considered). 
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FUNCTIONS OF GYRO DEVICES FREE OYRO 


ESTABLISHMENT OF A HORIZONTAL DIRECTIONAL REFERENCE- 
QYRO COMPASS 


bail 

An alternative to the use of mercury tanks Is 
the use of a bail; that is, a weight suspended 
below the gyro, as shown. 

As the north-east end of the axis tilts up, the 
bail exerts a torque that is in the direction 
opposite to the torque exerted by the tanks. So, 
if we still want the gyro to precess so as to 
turn the north-east end westward, we must 
reverse its spin. For emphasis, we have ex¬ 
aggerated the upward tilt of the axis. We should 
still continue to think of the axes of spin, torque, 
and precession as orthogonal. 


latitude weight 

Still another device is the latitude weight dis¬ 
cussed in connection with the stable element. 
The trouble with the latitude weight is that it 
always exerts the same torque, whereas the 
tanks and the bail exert a torque that diminishes 
and disappears at equilibrium, or (at latitudes 
other than the equator) sinks to the value re¬ 
quired to keep on the meridian when it is found. 
The constant torque exerted the latitude 
weight means a constant rate of precession. 
So, a gyro equ4)ped with a latitude weight could 
either pursue the meridian, or hold the meri¬ 
dian, but not both. 



TARGET 





Fixed 

setting 

subject y 
to rate 
changes 


From 

gyro compass 
follow-up k 
motor 



When ship yaws or changes course, the change 
in Cqo is automatically fed to the differential; 
ou^ut of the differential feeds the change in B 
to the telescope. This is the change in angle 
between the telescope and the centerline which 
is required to keep the telescope on the target. 
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stabilization in yaw 


TARGET 


Stqqxwe that it is desired to keep a 
telescope that is mounted on a ship 
aligned on a target. U the ship 
should yaw, the telescope will leave 
the target, unless measures are 
taken to bring it back again. A gyro 
compass in conjunction with follow¬ 
up circuits can be employed to 
correct for yaw, just as a stable 
element, together with its follow-up 
circuits, corrects for roll and for 
pitch, or for cross level and level. 


For simplicity, it is presiq)p08ed 
that the sh^ is not moving forward, 
and the target is stationary. But 
they are moving, and therefore ^ 
changes. The change in By is com¬ 
puted \iy rate circuits, and fed 
continuously to the differential 
shown below at the left. 



SUMMARY OF FUNCTIONS 
OF GYRO DEVICES 


We have reviewed some of the principal uses of a gyro 
in fire control. Two forms of constrained gyro were 
studied: 1) the rate gyro, where ^)plled rotation is the 
input, and gyro reaction the ou^ut, and 2) the integrating 
gyro, where torque is the input, and precession the 
ou^ut (although torque may also be the functional ou^t 
leading to inverse integration, i.e. differentiation). Two 
uses of the free gyro were discussed: 1) the stable 
element, used in establishing a vertical reference, 
thereby measuring and stabilizing in roll and in pitch 
or cross level and level, and 2) the gyro compass, iised 
in establishing a horizontal reference, thereby mea¬ 
suring and stabilizing in yaw. 
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FUNCTIONS OF GYRO DEVICES 


PROBLEMS 


1. In an Integrating gyro, the wheel 
is in the form of a thin ring, 6 
inches in diameter, and weighing 
5 pounds. It spins at 7200 r.p.m. 
A torque is fed into it by a motor, 
causing the gyro to process; this 
motion drives a telescope. When 
the telescope follows a moving 
target at a 5000-yard range, the 
torque dial reads 0.5 pound-foot. 
What is the approximate velocity 
component perpendicular to the 
target line of s^ht in ft./sec.? 




2. A gyro compass with mercury ballistic is placed 
at the South Pole. Esqplaln what it will do if: 

(a) The spin axis is horizontal; both tanks hold 
the same amount of mercury. 

(b) The axis is tilted slightly so as to equalize 
the levels in the tanks; one tank contains slightly 
more mercury than the other. 

(c) The axis is tilted further (same direction). 
Why is a gyro compass useless at either pole? 
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